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ABSTRACT 
 
Christopher R. Turlington: Oxygen Atom Transfer to Half-Sandwich Complexes of  
Iridium and Rhodium 
(Under the direction of Joseph L. Templeton and Maurice Brookhart) 
 
 
 The oxidation chemistry of half-sandwich iridium and rhodium complexes was explored. 
Iridium(Cp*) and rhodium(Cp*) complexes were prepared with various bidentate ligands and 
then reacted with oxygen atom transfer reagents. While oxidative degradation of the organic 
ligands was observed when using the oxygen atom transfer reagents iodosylbenzene and 
dimethyldioxirane, clean products were obtained when using a soluble derivative of 
iodosylbenzene, 2-tert-butylsulfonyliodosylbenzene (sPhIO). Oxidation reactions with sPhIO 
were typically conducted at low temperatures to increase the chance of observing reactive 
intermediates. It was found that the bidentate ligand 2-phenylpyridine was susceptible to 
insertion reactions at both metal centers. Oxygen atom insertion was observed into the rhodium-
carbon bond of coordinated 2-phenylpyridine in a rhodium(Cp*) complex. Oxygen atom 
insertion was not observed in the analogous iridium complex; instead, an isoelectronic nitrene 
insertion into the iridium-carbon bond of 2-phenylpyridine occurred upon oxygen atom transfer 
to a coordinated nitrile ligand of the iridium(Cp*) complex. Subsequent oxygen atom transfer to 
the nitrene insertion compound occurred, but the iridium product could not be identified. The 
possible intermediacy of high-valent iridium and rhodium complexes is discussed. In addition, 
model iridium complexes were prepared with oxidized phenylpyridine ligands. Their reactivity 
iv 
 
suggested deactivation pathways involving the bidentate ligands of common water oxidation 
catalysts. 
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CHAPTER 1: PROBING THE OXIDATION CHEMISTRY OF HALF-SANDWICH 
IRIDIUM COMPLEXES WITH OXGYEN ATOM TRANSFER REAGENTS
1 
 
Introduction 
 Molecular iridium catalysts for water oxidation have received considerable attention.
1-7 
 
These catalysts were originally considered to be homogeneous molecular catalysts when the 
oxidation was driven by ceric ammonium nitrate (CAN), and the reactive species was postulated 
to be an Ir(V)oxo species.
8-9
 A popular ligand framework employs the η5 Cp* ligand (Cp* = η5-
pentamethylcyclopentadienyl) to form half-sandwich complexes, often in conjunction with a 
chelating κ2 ligand. Many catalysts have been reported with this motif.4-8  
 Later work raised significant questions about catalyst stability.
10-12
 Water oxidation 
experiments typically employ the harsh oxidant CAN in excess of 100-10,000 equivalents 
(Figure 1.1a). Grotjahn et al. acquired scanning transmission electron microscopy (STEM) 
images after 15 minutes of water oxidation with Ir(Cp*)(phpy)Cl (3) and 58 equivalents of CAN 
that revealed significant agglomeration of iridium- and cerium-based particles. In addition, it was 
                                                          
1
 This chapter previously appeared as an article in the journal Inorganic Chemistry. The original 
citation is as follows: Turlington, C. R.; Harrison, D. P.; White, P. S.; Brookhart, M.; Templeton, 
J. L. Inorg. Chem. 2013, 52, 11351-11360. 
Figure 1.1. a) Aqueous oxidation of 3 with 
58 equivalents of CAN. Particles were 
detected in STEM images after 15 minutes. b) 
CAN oxidation of a representative Ir(Cp*) 
catalyst, monitored by NMR spectroscopy in 
D2O. Complete degradation of the catalyst 
was observed. 
2 
 
observed that 15-30 equivalents of CAN were required before oxygen evolution commenced for 
many representative Ir(Cp*) catalysts.
13
 A homogeneous process requires only four equivalents 
of CAN to generate one equivalent of oxygen, so modification of the ligands of the catalyst may 
occur before the onset of oxygen evolution. 
 Compelling evidence for ligand oxidation was obtained when the catalysts were treated 
with 1-15 equivalents of CAN in D2O, and the reactions were monitored by NMR spectroscopy. 
Even addition of 1 equivalent of CAN to a representative Ir(Cp*) catalyst (pictured in Figure 
1.1b) resulted in loss of 16% of the complex. As 14 more equivalents of CAN were added, the 
characteristic signals of the metal complex disappeared completely, and were replaced by many 
signals of low intensity. Acetic and formic acids were identified at the end of the oxidative 
reaction sequence, and such oxidative degradation was witnessed for all of the catalysts tested.
13
 
Later NMR studies by Macchioni confirmed that Ir(Cp*) catalysts can evolve acetic, formic, and 
glycolic acids when oxidized with a large excess of CAN (>450 equivalents).
14-15
 
 Evidence for homogeneous catalysis was obtained when using sodium periodate as the 
sacrificial oxidant in place of CAN. Crabtree and coworkers have employed time-resolved 
dynamic light scattering as an effective method to probe for heterogeneous particles, and have 
concluded that molecular iridium catalysts are responsible for water oxidation and C-H 
hydroxylation in the presence of excess sodium periodate (Figure 1.2a).
16-17
 Even in systems 
using sodium periodate, however, initial oxidation of the complex results in sacrificial oxidation 
Figure 1.2. a) Homogeneous iridium-
catalyzed water oxidation and hydroxylation 
reactions driven by sodium periodate. b) 
Sacrificial loss of the Cp* ligand is required 
for catalyst activation. 
3 
 
and displacement of the Cp* ligand. Experimental evidence suggested that the resting state of the 
homogeneous catalytic cycle was a dinuclear, Ir
IV
(bis-μ-oxo)IrIV species (Figure 1.2b).18 
Oxidation to Ir(V) could yield the active species.
18
 These studies demonstrate that alteration of 
the ligand environment (sacrificial loss of the Cp* ligand) was still necessary to achieve 
homogeneous catalysis with sodium periodate. 
 Although recent work has revealed oxidative alteration or degradation of Ir(Cp*) 
complexes, we postulated that stoichiometric oxidations of Ir(Cp*)(phpy) complexes with 
oxygen atom transfer (OAT) reagents at low temperatures might allow spectroscopic detection of 
a high-valent Ir(V)oxo species (Figure 1.3). Using OAT reagents offers the possibility of 
completing the two electron oxidation to a terminal oxo in one step, and switching from aqueous 
to organic solvents would allow reactions to be run at low temperatures. Low temperatures 
would improve the chance of observing oxidation products. Iridium complexes with terminal oxo 
ligands are rare; only two examples are known.
19-20
 Terminal oxo ligands on late transition 
metals are uncommon since filled dπ orbitals on the metal and filled p orbitals on a terminal 
oxide engender destabilizing, repulsive four-electron interactions (Figure 1.4).
21
  
Figure 1.4. Repulsive interaction between 
filled dπ orbitals on metal and filled p orbitals 
that destabilize a late transition metal oxo 
complex. 
Figure 1.3. Strategy for observing an 
Ir(V)oxo complex at low temperatures in 
organic solvents. 
 
4 
 
 Motivation for this work included literature precedence for platinum oxo formation. 
Milstein reported a Pt(IV)oxo complex through OAT to a Pt(II)pincer complex using 
dimethyldioxirane (DMDO).
22
 An important feature of this experiment was the use of acetone as 
a highly labile ligand on the Pt(II) precursor, which allowed the OAT reagent to react at the 
metal center. Inspired by this report, we utilized analogous conditions for our attempts to oxidize 
iridium complexes that were models of water oxidation catalysts. 
 In addition, we desired to study the aqueous electrochemistry of 1-OH2
+
, a proposed 
intermediate in a water oxidation reaction.
4
 Two proton-coupled electron transfer (PCET) events 
would result in the net loss of two protons and two electrons, yielding a transient Ir(V)oxo 
species. PCET oxidations can often be observed electrochemically in aqueous solutions. For 
these reasons, it was believed that 1-OH2
+
 would be a viable complex to probe for evidence of a 
high-valent iridium species competent for water oxidation. 
 This work describes our attempts to observe an Ir(V)oxo species using derivatives of 3, a 
reported water oxidation catalyst.
8,23
 It was found that 1-NCAr
+
 reacted with multiple 
equivalents of DMDO, generating oxygen. This process, however, could not be definitively 
assigned to a homogeneous catalytic cycle. An epoxidation reaction with 1-OH2
+
, styrene, and 
iodosobenzene (PhIO) was also monitored. The reaction generated acetic acid, a product of 
organic ligand degradation. The structure of 1-OH2
+
 is reported, but the complex is unstable 
when oxidized electrochemically. These experiments highlight the difficulties associated with 
observing homogeneous high-valent iridium species, and demonstrate that oxygen evolution or 
olefin oxidation is not easily assigned to such molecular species. Finally, an unexpected, silver-
bridged dinuclear iridium species formed in the presence of AgCl and Ir(Cp*)(phpy)H.
24 
 
5 
 
Results and Discussion 
 Synthesis of iridium complexes. A goal of this project was to synthesize an iridium 
complex with a weakly coordinating ligand in order to study OAT, analogous to Milstein’s 
work.
22
 Accordingly, we prepared [Ir(Cp*)(phpy)(3,5-bis(trifluoromethyl)benzonitrile)][B(Ar
F
)4] 
(1-NCAr
+
, B(Ar
F
)4 = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). This was accomplished by 
halide abstraction from 3 with Na[B(Ar
F
)4] in the presence of a weak nitrile ligand, 3,5-
bis(trifluoromethyl)benzonitrile (Figure 1.5). The reaction was complete within one hour in 
dichloromethane at room temperature. Notably, the nearly overlapping resonances of the 
aromatic protons of the nitrile ligand shifted from 8.16 ppm (2H) and 8.15 (1H) in 
dichloromethane-d2 to 8.15 ppm (1H) and 7.83 (2H) upon coordination to the metal. This 
allowed convenient distinction between bound or free nitrile in OAT reactions. Even though 1-
NCAr
+
 has a weak two-electron nitrile donor ligand, the complex is neither water sensitive nor 
air sensitive and can be stored on the bench top indefinitely.  
 A styrene derivative, [Ir(Cp*)(phpy)(styrene)][B(Ar
F
)4] (1-Sty
+
), was prepared in an  
analogous manner to 1-NCAr
+
. Complex 1-Sty
+
 was studied in styrene epoxidation reactions, as 
styrene readily displaced weaker ligands from Ir(Cp*)(phpy) precatalysts to form 1-Sty
+
. 
 The complex [Ir(Cp*)(phpy)(OH2)][OTf] (1-OH2
+
) was prepared according to a known 
procedure (OTf = trifluoromethanesulfonate).
25
 Crystals suitable for X-ray diffraction studies 
were grown by layering pentane on top of a concentrated solution of 1-OH2
+
 in dichloromethane, 
and the molecular structure is reported here for the first time (Figure 1.6).
26
 The aqua protons 
Figure 1.5. Synthesis of 
[Ir(Cp*)(phpy)L][B(Ar
F
)4] complexes. 
6 
 
were located during refinement of the structure solution, establishing that water is the sixth 
ligand in the coordination sphere. Each aqua proton was within hydrogen bonding distance to a 
triflate anion in the crystal lattice. The iridium-oxygen bond length is 2.176 Å, which is within 
the midrange for reported iridium aqua distances (2.136 Å - 2.243 Å).27-28 For comparison, the 
bipyridine (bpy) derivative, [Ir(Cp*)(bpy)(OH2)]
2+
, has an iridium oxygen bond length of 2.153 
Å.29 The bpy complex presumably has a shorter iridium-oxygen bond length because it is a 
dication. When a non-coordinating 
−
B(Ar
F
)4 anion was substituted for the 
−
OTf anion, it was 
found that [1-OH2][B(Ar
F
)4] was stable in methanol and acetone, but it decomposed within 30 
minutes to unidentified species in common organic solvents such as benzene, chloroform, and 
dichloromethane. Even when stored as a solid in a glovebox freezer at -25 °C, [1-OH2][B(Ar
F
)4] 
decomposed over five months into intractable materials. The inherent instability of [1-
OH2][B(Ar
F
)4] was surprising.  
  
 Reaction of 1-NCAr
+
 with dimethyldioxirane (DMDO). In a reaction monitored by 
NMR spectroscopy in acetone-d6, the reagent DMDO (added as a solution in acetone)
30
 
disappeared over 50 minutes at -50 °C in the presence of one equivalent of cationic iridium 
complex 1-NCAr
+
. DMDO does not decompose at an appreciable rate in the absence of metal 
Figure 1.6. ORTEP drawing of 1-OH2
+
, with 
partial numbering scheme.  Ellipsoids are 
drawn at the 50 percent probability level.  The 
anion and the hydrogen atoms on the Cp* and 
phpy moieties are omitted for clarity. Selected 
bond lengths (Å) and bond angles (deg): Ir1 – 
O1 2.176(3), Ir1 – N1 2.089(4), Ir1 – C1 
2.055(4), O1-Ir1-C1 87.26(15), N1-Ir1-O1 
81.88(14), C1-Ir1-N1 78.29(16). 
7 
 
Figure 1.7. Possible catalytic cycle for 
homogeneous oxygen evolution from DMDO 
catalyzed by 1-NCAr
+
. 
under these reaction conditions.
31
 Less than 10% of the coordinated nitrile ligand was displaced, 
but no other iridium species was detected over the course of the reaction. The reaction products, 
therefore, were either NMR silent or buried beneath the large acetone peak. 
 In the reaction with DMDO we postulated that 1-NCAr
+
 was the resting state for a 
homogeneous catalytic cycle that generates dioxygen from DMDO (Figure 1.7). OAT from 
DMDO to 1-NCAr
+
 could generate a transient, diamagnetic [Ir
V
(Cp*)(phpy)O]
+
 complex, 
analogous to Milstein’s reported DMDO oxidation of a Pt(II)pincer to form a Pt(IV)oxo 
complex.
22
 A terminal Ir(V)oxo species is expected to be electrophilic at oxygen, allowing for 
nucleophilic attack.
8
 A lone pair of electrons on a DMDO oxygen atom could serve as a 
nucleophile, leading to oxygen-oxygen bond formation and a two-electron reduction of iridium. 
Loss of acetone would lead to a dioxygen complex, [Ir(Cp*)(phpy)O2]
+
, which could liberate 
dioxygen, completing the catalytic cycle. The products of such a catalytic cycle, oxygen and 
acetone, would be undetected in the 
1
H NMR experiment. Acetone is already present in such a 
large excess (because it is the solvent for DMDO) that a small increase could not be reliably 
measured. Our initial hypothesis was to invoke a homogeneous Ir(III)/Ir(V) process to account 
for these results.  
8 
 
Figure 1.8. Oxygen evolution from DMDO catalyzed by 1-NCAr
+
 (17 mol%) at -40 °C. 
The overall percent yield of dioxygen was plotted as a function of time for reactions A-D, 
pictured above. Reactions C and D were run side-by-side. Irreproducible results suggested 
that a homogeneous mechanism was unlikely. 
 To test for the presence of oxygen, the DMDO reaction with complex 1-NCAr
+
 was 
performed in an enclosed, degassed vessel. All reagents were carefully degassed, and gas 
samples of the reaction headspace were analyzed by GC. Traditional oxygen probes (Clark 
electrodes, fluorescent probes) were not compatible with acetone solutions. The reaction was 
scaled up and the ratio of DMDO to iridium was increased from 1:1 to 6:1, in order to generate 
detectable levels of oxygen. When six equivalents of DMDO were added to one equivalent of 1-
NCAr
+
 in acetone at -40 °C, oxygen evolution commenced, and profiles of percent yield of 
oxygen versus time for multiple reactions are shown in Figure 1.8. To the best of our knowledge, 
only one example of oxygen production from DMDO decay has been reported, and that was 
when DMDO was treated with deprotonated peroxy acids.
32
 A background reaction in the 
absence of iridium was also monitored, and only trace amounts of oxygen were detected when 
9 
 
compared to reactions with 1-NCAr
+
. Oxygen levels measured in the background reaction were 
subtracted from the runs with catalyst to determine overall yield. 
 Oxygen was clearly produced, but each profile of percent yield of oxygen over time 
showed dramatically different behavior. The erratic data were confusing, so two reactions were 
run side-by-side (Figure 1.8, samples C and D). Inconsistent results were observed yet again. 
Some traces gave nearly linear patterns, while other reactions exhibited marked induction 
periods. Yields varied dramatically (50%-94%). It became clear that highly variable processes 
were occurring during the reactions. The induction periods observed for samples A and D also 
raised concerns that oxidative degradation or particle formation from 1-NCAr
+
 had to occur 
before oxygen evolution commenced. Note that carbon dioxide, a decomposition product of 
[Ir(phpy)2(OH2)]
+
 in the presence of excess CAN, was not observed in the GC analysis.
1
 
 When the reaction with a 6:1 ratio of DMDO to 1-NCAr
+
 was run in deuterated solvent 
(acetone-d6) and monitored by NMR spectroscopy at -40 °C, the Cp* methyl signals and the 
phpy resonances of 1-NCAr
+
 disappeared over two hours at the same time as the nitrile ligand 
was displaced. No minor species or decomposition products such as glycolic, formic, or acetic 
acids were observed in the NMR spectra, unlike the results of Grotjahn
13
 and Macchioni
14,15
 in 
CAN oxidations of Ir(Cp*) complexes. Meanwhile, the DMDO slowly disappeared over five 
hours (Figure 1.9). The results from the NMR experiment were reproducible. The NMR data and 
concentration versus time profiles suggest either ligand oxidation and particle formation or 
generation of a paramagnetic iridium species (perhaps akin to the resting state of homogeneous 
catalysts oxidized by sodium periodate).
18
 It was difficult, therefore, to definitively identify the 
species responsible for oxygen evolution. In view of these results a homogeneous Ir(III)/Ir(V) 
mechanism, as we originally postulated, seems unlikely. We believe that oxygen evolution 
10 
 
cannot be unambiguously assigned to molecular Ir(V)oxo species in water oxidation catalysis. 
As this study with DMDO and other oxidations with CAN demonstrate,
11-15
 harsh oxidants can 
lead to complex reactions and variable rates of oxygen evolution, results which are not 
compatible with a well-behaved molecular catalyst.
 
 Oxidation with iodosobenzene (PhIO). Generation of [Ir
V
(Cp*)(phpy)O]
+
 has also been 
invoked to explain olefin oxidations.
4,9
 For example, a styrene epoxidation catalyzed by 1-OH2
+
 
in the presence of the sacrificial oxidant PhIO gave oxidation products in 46% yield (Figure 
1.10, experiment a).
25
 The reactive species was proposed to be [Ir
V
(Cp*)(phpy)O]
+
. The reaction, 
however, took 12 hours and the mixture changed from yellow to green upon addition of oxidant, 
perhaps indicating formation of a heterogeneous component.
13,16
 In addition, acetoxylation of a 
Cp* methyl group was observed in a related oxidation of Ir(Cp*)(phpy)Me with PhI(OAc)2.
33
 
Our goal was to investigate the nature of the iridium catalyst in the epoxidation reaction in 
greater detail. 
 The epoxidation reaction with 1-OH2
+
 was carefully repeated in our lab, but our results 
differ from literature reports. Only 69% of the PhIO had reacted after 24 hours (Figure 1.10, 
phpy protons 
(4 triplets, 4 
doublets) 
Free Nitrile 
−B(ArF)4 Acetone and 
13C satellite 
DMDO 
0 min 
15 
40 
60 
90 
110 
300 min 
Cp* 
Figure 1.9. Time resolved NMR spectra of reaction of 1-NCAr
+
 and six 
equivalents of DMDO at -40 °C. Complete disappearance of 1-NCAr
+
 was 
observed after two hours, but no decomposition products were observed by NMR 
spectroscopy. A heterogeneous species or paramagnetic species was likely the 
product. DMDO continued to react over five hours. 
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experiment b), while the previously reported reaction was complete after 12 hours. Of the PhIO 
consumed, only 22% of the oxidative equivalents yielded oxidized styrene derivatives, 
corresponding to a turnover number of 15. Nearly 55 oxidative equivalents (relative to iridium) 
were unaccounted for. The products of styrene oxidation were 2-phenylacetaldehyde and 
benzaldehyde, in approximately equimolar ratios. No styrene epoxide was observed, which was 
the major product reported in the literature; however, the phenylacetaldehyde product likely 
forms via acid-catalyzed rearrangement of styrene epoxide.
34-35
 Although the mechanism for 
formation of benzaldehyde is not understood, it has also been observed as a product in styrene 
epoxidation reactions catalyzed by manganese porphyrins.
36 
 After filtering off unreacted PhIO, the filtrate was loaded onto a short silica gel plug. All 
of the organic compounds were eluted with dichloromethane, and then the inorganic species 
were eluted with acetone. After removing the eluent of the metal-containing fractions in vacuo, 
the solids were dissolved in dichloromethane-d2 and analyzed by NMR spectroscopy. The 
spectrum showed extensive ligand degradation, and 1-OH2
+
 was not observed. The highest 
intensity peak located at 7.3 ppm was broad, with a complicated splitting pattern. Other broad 
peaks were centered at 4.1 ppm and 1.8 ppm. A host of low intensity, sharp resonances 
(presumably oxidized ligand fragments) surrounded these broader resonances. Complicated 
Figure 1.10. Styrene oxidation reactions using PhIO as a sacrificial oxidant. 
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NMR spectra have also been observed by Grotjahn in CAN oxidations of Ir(Cp*) catalysts.
13
 
Additionally, acetic acid, observed multiple times as a decomposition product of Ir(Cp*) 
catalysts in CAN oxidations, was detected in an NMR spectrum of the crude reaction mixture.
12-
15
 The majority of oxidative equivalents in the epoxidation reaction likely participate in oxidation 
of the ligands, and the active iridium species could not be easily identified. 
 In the absence of oxidant, styrene readily displaced the aqua ligand of 1-OH2
+
 to form 1-
Sty
+
. Complex 1-Sty
+
 is a potential intermediate before the onset of catalyst decomposition. The 
epoxidation experiment was repeated with independently synthesized 1-Sty
+
, and similar results 
were obtained. After 24 hours, 64% of the PhIO reagent had been consumed (Figure 1.10, 
experiment c). Equimolar amounts of 2-phenylacetaldehyde and benzaldehyde were observed 
once again, but only in a total yield of 12% (based on PhIO consumed). Acetic acid was also 
identified in the NMR spectrum of the crude reaction materials. Isolation of the iridium species 
was accomplished using a silica gel plug as before, and NMR spectroscopy again revealed 
significant ligand decomposition. Notably, the characteristic broad peaks at 7.3 ppm, 4.1 ppm, 
and 1.8 ppm were also identified in the spectrum of the isolated iridium species when starting 
with 1-Sty
+
. The collection of sharp peaks for the minor species was also reminiscent of the 
NMR spectrum of the recovered metal species resulting from use of 1-OH2
+
. One of the minor 
species in both spectra included an α-olefin pattern (presumably a bound styrene), but this was 
distinct from 1-Sty
+
. It is clear that the iridium complexes undergo oxidative degradation to 
unidentified species in the presence of excess PhIO. The exact nature of the precatalyst has little 
influence on the reaction, which would be expected if there is significant ligand degradation. It is 
possible that an Ir(V)oxo complex is the iridium species responsible for styrene oxidation, but 
degradation of the ligand framework complicates any assignment. Oxidations with PhIO, like 
13 
 
oxidations with CAN, lead to degradation of Ir(Cp*)(phpy) complexes and generation of acetic 
acid. 
 Electrochemical oxidation. When it became apparent that OAT would not allow a 
definitive spectroscopic glimpse of [Ir
V
(Cp*)(phpy)O]
+
 in situ, attempts were made to detect an 
Ir(V)oxo intermediate with electrochemical methods. Electrochemical oxidation of 1-OH2
+
 in an 
aqueous environment (Ag/AgCl reference electrode (3 M NaCl; 0.197 V vs NHE), Pt-wire 
counter electrode) could yield the Ir(V)oxo complex via sequential PCET events (Figure 1.11). 
Complex 1-OH2
+
 and the two products of PCET processes were good targets to study because 
they were originally proposed as intermediates for homogeneous water oxidation using the 
precatalyst 3.
4
 A PCET process is easily identified by observable pH dependent redox processes 
that follow Nernstian behavior.
37-38
  
 Solutions of [1-OH2][B(Ar
F
)4] in water/ethylene carbonate (2:1 v:v) with added 0.1 M 
phosphate buffer and 0.5 M supporting electrolyte (NaClO4) were prepared for electrochemistry. 
Ethylene carbonate aids solubility of [1-OH2][B(Ar
F
)4] in water and is non-coordinating. Cyclic 
voltammograms (CVs) using a freshly polished glassy carbon working electrode at different pHs 
and scan rates, however, were featureless and poorly defined. For example, a freshly prepared 
0.73 mM solution of [1-OH2][B(Ar
F
)4] in a water/ethylene carbonate mixture at pH = 7.0 (0.1 M 
phosphate buffer, 0.5 M NaClO4) passed a steadily increasing current at potentials higher than 
0.8 V (vs NHE) at a scan rate of 100 mV s
-1
 (Figure 1.12a). No reversible or clean oxidations 
were observed. CVs of the water/ethylene carbonate solvent (2:1 v:v, pH = 7.0, 0.1 M phosphate 
buffer, 0.5 M NaClO4) showed that background oxidation of the solvent was not significant until 
Figure 1.11. Proposed electrochemical oxidation of 1-OH2
+
 to generate [Ir
V
(Cp*)(phpy)O]
+
. 
intermediate by sequential PCET steps in aqueous solution. 
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potentials exceeded 1.5 V.
39
 Differential pulse voltammograms (DPV) also did not show well-
defined oxidations of the complex, although there were three to four overlapping events between 
0.6 and 1.4 V (Figure 1.12b). Acidic solutions (pH = 2.4, 0.1 M phosphate buffer, 0.5 M 
NaClO4) also did not yield useful electrochemical data (Appendix A). Since there were no clear, 
reversible redox events at either pH, it was not possible to identify PCET processes. 
Electrochemistry of the precatalyst 3 in water/ethylene carbonate solutions at pH = 7.0 also did 
not reveal reversible waves and suggested catalyst decomposition (Appendix A). All 
electrochemical data pointed to chemical alteration of the catalyst when oxidized at high 
potentials, an outcome which is in agreement with the chemical oxidants studied. The chemical 
and electrochemical oxidations in this work demonstrate that catalyst decomposition is facile 
under harshly oxidizing conditions. 
 Isolation of a silver-bridged dinuclear iridium species. A single, unexpected, product 
was isolated from an attempted one-pot synthesis of Ir(Cp*)(phpy)(OH).
40
 Complex 1-OH2
+
 was 
formed according to the literature procedure by mixing 3 and 1.1 equivalents of AgOTf in 
methanol/water (30:1 v:v).
25
 After stirring for one hour, 1.4 equivalents of aqueous NaOH were 
added prior to filtering. A silver-bridged dinuclear iridium hydride species, 
Figure 1.12. a) Cyclic 
voltammogram of [1-OH2][B(Ar
F
)4] 
in water/ethylene carbonate (2:1 v:v) 
at pH 7.0 (0.1 M phosphate buffer, 
0.5 M NaClO4) at 100 mV s
−1
 with a 
glassy carbon working electrode 
(0.07 cm
2
, solid line). b) Differential 
pulse voltammogram of [1-
OH2][B(Ar
F
)4] (dashed line, offset) 
at 23 ± 3 °C.  
00.511.52
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Figure 1.13. Synthesis of 2. Sodium 
hydroxide must be added prior to filtering off 
AgCl. 
Figure 1.14. ORTEP drawing of 2 with 
partial numbering scheme.  Ellipsoids are 
drawn at the 50 percent probability level.  The 
anion and the hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and bond 
angles (deg): Ir1 – Ag1 2.7176(6), Ir2 – Ag1 
2.7150(6), Ir1 – C11 2.055(8), Ir1 – N1 
2.031(7), Ag1-Ir1-C11 71.35(19), N1-Ir1-Ag1 
108.23(18), C11-Ir1-N1 77.9(3). 
[{Ir(Cp*)(phpy)H}2Ag][OTf], was isolated (2, Figure 1.13). The expected deprotonated product, 
Ir(Cp*)(phpy)(OH), either formed transiently or did not form at all.  The structure of 2 was 
unequivocally established via X-ray diffraction studies on suitable crystals (Figure 1.14),
41
 and 
the terminal hydrides were confirmed by NMR spectroscopy. The dinuclear complex is nearly 
centrosymmetric, which made refinement using least squares difficult. Instead, gradient 
refinement was used. Silver-bridged iridium complexes are known, and the Ir-Ag bond lengths 
of 2.718Å and 2.715 Å for 2 are as expected for such complexes, when hydrides are present.
42-45
 
The Ir-Ag-Ir bridge is essentially linear (bond angle of 179.35 degrees), and each 
Ir(Cp*)(phpy)(H)(Ag) fragment resembles a four-legged piano stool. If one considers each 
iridium to form a dative bond to Ag
+
, the iridium cores would formally be seven-coordinate 
iridium(III), donating a metal electron pair to silver. This provides evidence that the ligand 
system is electron-donating and can support higher oxidation states of iridium. The products may 
be unstable, as demonstrated in the chemical and electrochemical oxidations reported, but stable 
products such as 2 may be isolated. Hydrides are known to stabilize higher oxidation states of 
iridium.
46-47 
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 The formation of 2 from 1-OH2
+
 upon addition of base was investigated, as the sources 
of the hydrides and the silver bridge were not readily apparent. It was postulated that the hydride 
ligands were formed via hydride elimination from sodium methoxide, generating formaldehyde. 
The bases hydroxide and methoxide exist in equilibrium because of their similar pKa’s. The ratio 
of methoxide to hydroxide was calculated to be 16:1 for a mixture of 30 mL methanol (pKa = 
15.5) and 1.3 mL water (pKa = 15.7), the conditions of the reaction mixture. The addition of 
NaOH to methanol, therefore, predominantly yielded NaOMe. 
 To test the hypothesis that methoxide was acting as the hydride source, 5 mg of 1-OH2
+
 
(7.7 μmol) was treated with approximately 1 mg NaOMe (19 μmol) in 0.5 mL of methanol-d4. 
The added base exchanged rapidly with methanol-d4, leading to formation of sodium methoxide-
d3. Clean conversion to a new metal species was observed by NMR spectroscopy, and the 
product was identified as Ir(Cp*)(phpy)D.
24
 The formation of the deuteride complex from 1-
OH2
+
 and NaOCD3 lent support to the hypothesis that methoxide was the source of the terminal 
hydrides of 2. Whether the deuteride was transferred via an outer sphere or inner sphere 
mechanism is unclear. In either case, the aqua ligand appeared to be innocent, acting strictly as a 
labile ligand. Formaldehyde-d2 generated as a byproduct would not be observed in the NMR 
experiment. When the reaction was performed on a preparative scale in methanol (CH3OH), the 
isolated product was the same as the product of the NMR experiment, and it included a singlet 
for the hydride at -15.0 ppm.
24 
 The source of Ag
+
 in 2 could not be excess AgOTf, as only 1.1 equivalents AgOTf were 
added relative to 3. This suggested instead that the silver source was silver chloride. To test the 
reactivity of silver chloride, 3.5 mg of the isolated monomeric Ir(Cp*)(phpy)H complex (7.2 
μmol) was mixed with 7 mg of AgCl (48 μmol) in 0.5 mL of methanol-d4. NMR spectroscopy 
17 
 
revealed clean formation of dinuclear iridium complex 2. Notably, the hydride did not exchange 
with deuterated solvent. The hydride resonance shifted upfield to -11.7 ppm and appeared as a 
doublet, with a JH-Ag coupling constant of 77 Hz. Silver has two isotopes with nuclear spins of ½ 
with nearly identical gyromagnetic ratios. The spectrum was not sufficiently resolved to observe 
the two nearly equal coupling constants expected for the two silver isotopes. Formation of 2 
verified that Ir(Cp*)(phpy)H extracts Ag
+
 from AgCl. Synthesis of 2, therefore, is proposed to 
occur via hydride elimination from methoxide to form Ir(Cp*)(phpy)H, followed by Ag
+
 
abstraction from AgCl, as shown in Figure 1.15. Although silver chloride is not often considered 
a Ag
+
 source, it has found increasing use as a reagent in the synthesis of silver complexes with 
coordinated N-heterocyclic carbenes, which are useful transmetallating reagents.
48-49 
 In solution, the two Ir(Cp*)(phpy)H units of dinuclear 2 were magnetically equivalent, so 
only one set of resonances for the Cp* groups and the terminal hydrides was observed. The 
aromatic region, however, showed sharp and broad resonances. Variable temperature 
1
H NMR 
spectroscopy revealed dynamic processes (Appendix A). At -60 °C, two diastereomers were 
observed in approximately a 2:1 ratio. Two distinct hydride signals were also seen as doublets 
between -11.5 and -12.0 ppm, with differing JH-Ag coupling constants of 87 Hz and 90 Hz for the 
two diastereomers.
50
 The two distinct coupling constants expected for the two isotopes of silver 
could not be resolved for any hydride resonance at any temperature. The chemical shifts of the 
hydride signals for the isomeric complexes were temperature dependent; the two doublets moved 
together and overlapped to form a pseudo-triplet at -20 °C. 
Figure 1.15. Proposed mechanism for the 
formation of 2, starting from 1-OH2
+
. The 
individual steps were completed in two 
separate NMR experiments. 
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 Few changes occurred in the alkyl and aromatic regions of the 
1
H NMR spectrum 
between -60 °C and -20 °C. The two Cp* peaks stayed well-resolved and sharp. There were 10 
separate resonances in the aromatic region (one would expect 16 independent resonances for two 
diastereomers), but multiple peaks were clearly overlapping. Interconversion on an NMR time 
scale between the two diastereomers was visible at 0 °C. The Cp* and hydride resonances 
broadened and merged, but the hydrides maintained their coupling to silver (both JH-Ag values 
were 85 Hz), indicating an intramolecular conversion between the diastereomers. Analysis of 
line broadening on the Cp* signal of the major diastereomer at 0 °C allowed a rate of exchange 
from the major to the minor isomer of 29 sec
-1
 (∆G‡ = ca. 14 kcal/mol) to be extracted. In the 
aromatic region, four signals were sharp relative to at least six broad signals. The sharp signals 
were identified as pyridine protons, and the position of these peaks did not change upon warming 
or cooling. The pyridine resonances, therefore, had almost identical chemical shifts in the two 
diastereomers and did not noticeably broaden at the onset of interconversion. Six of the eight 
broad resonances expected for exchanging phenyl protons for the two diastereomers were 
observed. 
 The Cp* peaks and the hydride resonances coalesced at 30 °C, and the hydrides were still 
coupled to silver (JH-Ag = 77 Hz). The four sharp pyridine proton resonances in the aromatic 
region were complemented by four broad phenyl proton resonances, and the phenyl proton 
resonances continued to sharpen as the temperature was raised to 50 °C. At this point, the 
hydride coupling to silver was lost and the resonance for the hydrides coalesced into a singlet, 
indicating rapid dissociation/reassociation of an Ir(Cp*)(phpy)H fragment. The phenyl protons 
could not be fully resolved at higher temperatures because the molecule was thermally unstable. 
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Conclusions 
 Oxidation to form observable high-valent iridium species is challenging, especially when 
the target is an Ir(V)oxo species. Oxidation using OAT reagents provided some encouraging 
initial results, as oxidation of 1-NCAr
+
 with DMDO yielded dioxygen. In addition, some 
oxidized styrene products were observed in the presence of 1-OH2
+
 and PhIO. Further 
investigation, however, revealed extensive ligand oxidation or suggested a heterogeneous 
component, and molecular Ir(V)oxo complexes could not be definitively implicated in either 
system. Acetic acid, a decomposition product observed for oxidation with CAN, was also 
identified in oxidations with PhIO. These results demonstrate that oxidation to high-valent 
iridium species with retention of ligand identity cannot be assumed. These conclusions are 
strengthened by the aqueous electrochemistry of 1-OH2
+
, which was unstable when oxidized 
electrochemically. While all of these results reflect the instability of high-valent iridium species, 
it was found that the Cp* and phpy ligands supported the formation of 2, a stable dinuclear 
iridium species with an expanded coordination sphere at iridium. Complex 2 presumably formed 
from the reaction of Ir(Cp*)(phpy)H and AgCl. The reactivity observed with silver chloride is a 
rare example of Ag
+
 extraction from AgCl. 
Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. Methylene 
chloride, hexanes, and pentane were purified under an argon atmosphere and passed through a 
column packed with activated alumina. All other chemicals were used as received without 
further purification. 
1
H, and 
13
C NMR spectra were recorded on Bruker DRX400, AVANCE400, 
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and AMX300 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts were referenced to residual 
1
H and 
13
C signals of the deuterated solvents. X-ray diffraction studies were conducted on a 
Bruker-AXS SMART APEX-II diffractometer. Suitable crystals were selected and mounted 
using a paratone oil on a MiteGen mylar tip. Elemental analyses were performed by Robertson 
Microlit Laboratories of Madison, NJ. 
 Electrochemistry. Electrochemical measurements were conducted on a CH Instruments 
660D potentiostat with a glassy carbon working electrode (0.07 cm
2
), Pt-wire counter electrode, 
and Ag/AgCl reference (saturated NaCl, 0.197 V vs NHE). E1/2 values were obtained from the 
peak currents in differential pulse voltammograms and are reported vs. the normal hydrogen 
electrode (NHE). The glassy carbon working electrode was polished on alumina paste, rinsed 
with water, and dried before each use. 
 Synthesis of Ir(Cp*)(phpy)Cl (3). The compound was prepared as reported.
23
  
 Synthesis of [Ir(Cp*)(phpy)(3,5-bis(trifluoromethyl)benzonitrile)][B(Ar
F
)4] (1-
NCAr
+
). A 100 mL Schlenk flask was charged with 720 mg Na[B(Ar
F
)4] (0.81 mmol), 150 μL 
3,5-bis-(trifluoromethyl)benzonitrile (0.89 mmol) and 20 mL of dichloromethane. 360 mg 
Ir(Cp*)(phpy)Cl (0.70 mmol) was added, and the solution was stirred for 24 hours at room 
temperature. The reaction mixture was filtered and the solvent of the filtrate was reduced to a 
minimal volume. The concentrated solution was slowly added to rapidly stirring pentanes chilled 
to -78 °C. The mixture was filtered and the bright yellow solid was heated at 50 °C overnight 
under vacuum, yielding 920 mg product (82%). Anal. Calcd. (found) for C62H38N2BF30Ir: C, 
47.01 (47.10); H, 2.42 (2.70); N, 1.77 (1.78). 
1
H NMR (600 MHz, CD2Cl2) δ 8.65 (d, J = 5.4, 
1H), 8.15 (s, 1H), 7.96 (d, J = 8.4, 1H), 7.88 (t, J = 7.8, 1H), 7.83 (s, 2H), 7.78 (t, J = 8.4, 2H), 
7.72 (s, 8H), 7.55 (s, 4H), 7.34 (t, J = 7.2, 1H), 7.23-7.27 (m, 2H), 1.72 (s, 15H). 
13
C{
1
H} NMR 
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(150 MHz, CD2Cl2) δ 167.7, 161.7 (1:1:1:1 quartet, JC-B = 50), 155.1, 151.7, 144.6, 139.7, 135.6, 
134.8, 133.5, 133.3, 132.2, 128.8 (q, 2 bond JC-F = 29), 128.4, 124.6 (q, 1 bond JC-F = 271), 
124.9, 124.6, 123.9, 121.9 (q, 1 bond JC-F = 269), 120.3, 117.5, 116.6, 112.2, 92.7, 8.7. 
 Synthesis of [Ir(Cp*)(phpy)(styrene)][B(Ar
F
)4] (1-Sty
+
). To a solution of 200 mg 
Ir(Cp*)(phpy)Cl (0.39 mmol) in 30 mL dichloromethane were added 400 mg Na[B(Ar
F
)4] (0.45 
mmol, 1.2 equivalents) and 90 μL styrene (0.79 mmol, 2 equivalents). The mixture was filtered 
after stirring for two hours, and the filtrate was reduced to minimal volume, cooled to -78 °C, 
and filtered again. The concentrated solution was added dropwise to 40 mL of rapidly stirring 
hexanes cooled to -40 °C. The precipitate was collected via filtration and dried, yielding 266 mg 
pale yellow solid (47%). The 
1
H NMR spectrum and 
13
C NMR spectrum revealed the presence 
of a major and minor isomer (~4:1 ratio). Multiple resonances overlapped in the 
1
H NMR 
spectrum. Anal. Calcd. (found) for C61H43NBF24Ir: C, 50.56 (50.33); H, 2.99 (2.78); N, 0.97 
(0.93). 
1
H NMR (500 MHz, CD2Cl2) δ (Major isomer) 7.72 (s, 9H), 7.63 (d, J = 10.0, 2H), 7.56 
(s, 4H), 7.54 (t, J = 10.5, 1H), 7.40 (m, 2H) 7.30 (t, J = 9.5, 1H), 6.98 (t, J = 9.0, 1H), 6.84 (t, J = 
9.5, 1H), 6.59 (t, J = 7.5, 1H), 4.78 (dd, J = 11.0 and 14.5, 1H), 3.61 (m, 2H) 1.57 (s, 15H); δ 
(Minor isomer; multiple resonances were unobserved) 8.19 (d, J = 7.0, 1H), 7.88 (t, J = 9.0, 1H), 
7.13 (t, J = 9.5, 1H), 7.04 (t, J = 9.5, 1H), 6.95 (t, J = 10.5, 1H), 6.28 (t, J = 9.0, 2H), 4.51 (dd, J 
= 10.0 and 15, 1H), 3.77 (dd, J = 11.0 and 1.5, 1H), 3.57 (partially overlapping, 1H), 1.57 
(shoulder on major isomer, 15H). 
13
C{
1
H} NMR (125 MHz, CD2Cl2) δ (Major isomer, one 
carbon merged to others) 166.0, 162.1 (1:1:1:1 quartet, JC-B = 51), 153.2, 151.8, 143.8, 139.1, 
136.7, 135.5, 135.2, 132.0, 129.2 (q, 2 bond JC-F = 31), 129.0, 128.5, 125.7, 125.5, 125.0 (q, 1 
bond JC-F = 270), 123.5, 119.8, 117.9 (pseudo t, J = 15), 100.5, 70.6, 46.6, 8.2; δ (Minor isomer, 
one carbon merged to others) 167.6, 162.1 (1:1:1:1 quartet, JC-B = 51), 156.8, 152.8, 142.9, 
22 
 
140.3, 135.9, 135.7, 135.2, 129.2 (q, 2 bond JC-F = 31), 128.2, 128.0, 126.4, 125.6, 125.0 (q, 1 
bond JC-F = 270), 124.9, 124.3, 120.6, 117.9 (pseudo t, J = 15), 100.3, 71.2, 49.0, 8.6. 
 Synthesis of [Ir(Cp*)(phpy)(OH2)][OTf]  (1-OH2
+
). The compound was prepared as 
reported.
25
 Crystals suitable for X-Ray diffraction were obtained by layering pentane on top of a 
concentrated solution in dichloromethane.
 
 Synthesis of [Ir(Cp*)(phpy)(OH2)][B(Ar
F
)4] ([1-OH2][B(Ar
F
)4]). A 100 mL Schlenk 
flask was charged with 376 mg [Ir(Cp*)(phpy)(OH2)][OTf] (0.58 mmol), 525 mg Na[B(Ar
F
)4]  
(0.59 mmol), and 20 mL dichloromethane. After stirring for 30 minutes, the mixture was filtered 
and the solvent of the filtrate was reduced to a minimal volume. The solution was slowly added 
to 30 mL of rapidly stirring pentanes at -40 °C. The precipitate was isolated by filtration and 
heated under vacuum at 50 °C overnight, yielding 546 mg of a deep red solid (69%). Anal. 
Calcd. (found) for C53H37NBF24IrO: C, 46.71 (46.98); H, 2.74 (2.66); N, 1.03 (1.04). 
1
H NMR 
(500 MHz, CD3OD) δ 8.94 (d, J = 5.5, 1H), 8.09 (d, J = 8.0, 1H), 8.02 (d, J = 7.5, 1H), 7.97 (t, J 
= 7.5, 1H), 7.83 (d, J = 7.5, 1H), 7.59 (s, 12H), 7.40 (t, J = 6.0, 1H), 7.28 (t, J = 7.5, 1H), 7.16 (t, 
J = 7.5, 1H), 1.65 (s, 15H). 
13
C{
1
H} NMR (125 MHz, CD3OD) δ 169.3, 162.7 (1:1:1:1 quartet, 
JC-B = 49), 162.3, 153.3, 147.5, 141.0, 136.9, 135.8, 132.6, 130.4 (q, 2 bond JC-F = 31), 125.7 (q, 
1 bond JC-F = 270), 125.5, 125.4, 125.3, 120.8, 118.7, 89.6, 9.1. 
 Synthesis of [{Ir(Cp*)(phpy)H}2Ag][OTf] (2). A 100 mL Schlenk flask was charged 
with 30 mL methanol, 1.3 mL water, 300 mg Ir(Cp*)(phpy)Cl (0.58 mmol), and 155 mg AgOTf 
(0.60 mmol). After stirring for one hour in the dark, 160 μL of 5 M aqueous NaOH (0.80 mmol, 
1.4 equivalents) was added, and the solution immediately turned red. After stirring for 20 
minutes, the color had changed to a pale yellow-green. The reaction was stirred for five 
additional hours and then filtered. The solvent of the filtrate was removed under reduced 
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pressure, and the solid was redissolved in minimal methanol. Water was slowly added to the 
solution to precipitate the product, which was isolated by filtration. The solid was then 
redissolved in minimal, hot isopropanol, filtered, and slowly added to rapidly stirring hexanes 
chilled to -40 °C. After storing overnight at -30 °C, the mixture was filtered, and 169 mg of a 
yellow-green solid was isolated after drying under high vacuum for four hours (48%). Crystals 
suitable for X-Ray diffraction were obtained by layering hexanes on top of a concentrated 
solution in 2-propanol. Anal. Calcd. (found) for C43H48N2AgF3Ir2O3S: C, 42.26 (42.33); H, 3.96 
(3.86); N, 2.29 (2.30). 
1
H NMR (500 MHz, CD3OD) δ 8.72 (d, J = 5.5, 2H), 7.92 (s, 2H), 7.77 (t, 
J = 7.5, 2H), 7.67 (s, 2H), 7.42 (d, J = 7.5, 2H), 7.12 (t, J = 6.5, 2H), 6.90 (s, 2H), 6.63 (s, 1-2H), 
1.74 (s, 30H), -11.70 (d, JH-Ag = 77 Hz, 2H). 
 NMR-tube reaction of DMDO and 1-NCAr
+
, 1:1. An acetone solution of DMDO (70 
μL, 0.057 M, 4.0 μmol) was added slowly to an NMR tube chilled to -80 °C and containing a 
solution of 1-NCAr
+
 (6.0 mg, 3.8 μmol) in 0.5 mL acetone-d6. The reaction was transported at -
80 °C to an NMR probe cooled to the same temperature. The onset of the reaction occurred upon 
warming to -50 °C, and the reaction progress was monitored by NMR spectroscopy. After the 
DMDO had reacted, at least 90% of the original 1-NCAr
+
 compound was intact, and no new 
iridium species was observed. 
 Reactions of DMDO and 1-NCAr
+
, 6:1, monitored by GC. Conditions of a 
representative reaction are described. A 10 mL round-bottom flask was charged with 11.9 mg 1-
NCAr
+
 (7.5 μmol) and 1.6 mL acetone, and then tightly capped with a serrated silicone rubber 
septum. The solution was cooled to -40 °C and sparged with nitrogen for five minutes. 0.5 mL of 
a degassed acetone solution of DMDO (0.091 M, 45.5 μmol, 6.1 equivalents) was added slowly 
via syringe, and the reaction was gently stirred at -40 °C. Samples of the reaction headspace were 
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taken periodically with a gas-tight syringe and analyzed by GC to determine percent yield of 
dioxygen. 
 NMR-tube reaction of DMDO and 1-NCAr
+
, 6:1. A 15% acetone: 85% acetone-d6 
(v:v) solution of DMDO and DMDO-d6 (15:85 ratio, 0.123 M, 65 μL, 8 μmol) was added slowly 
to an NMR tube chilled to -80 °C and containing a solution of 1-NCAr
+
 (2.0 mg, 1.3 μmol) in 
0.5 mL acetone-d6. The reaction was monitored by NMR spectroscopy at -40 °C. The resonances 
of 1-NCAr
+
 disappeared over two hours, and the nitrile ligand was displaced. No new iridium 
species was observed, and the DMDO continued to react over five hours. 
 Styrene epoxidation with PhIO and 1-OH2
+
. A solution of 7.0 mg 1-OH2
+
 (0.01 mmol) 
in 2.5 mL dichloromethane was slowly added to a mixture of 220 mg PhIO (1.0 mmol) and 460 
μL styrene (4.0 mmol) in 2.5 mL dichloromethane cooled to 0 °C. The reaction was stirred for 24 
hours at 0 °C, at which point the insoluble PhIO was removed from the reaction mixture by 
filtration. A drop of the filtrate was added to dichloromethane-d2 and analyzed by 
1
H NMR 
spectroscopy to identify reaction products and determine yields. The filtrate was then 
concentrated under reduced pressure and loaded onto a short silica gel plug (10 cm). After the 
organic compounds were eluted with dichloromethane, acetone was used as the eluent to retrieve 
the inorganic species. The solvent was removed under reduced pressure, and the solids were 
redissolved in dichloromethane-d2 and analyzed by NMR spectroscopy. 
 Styrene epoxidation with PhIO and 1-Sty
+
. The procedure for styrene epoxidation with 
1-OH2
+
 was followed, except that 15.3 mg 1-Sty
+
 (0.01 mmol) was used. 
Supporting Information Available 
 Representative NMR spectra, oxygen measurements data, spectra of recovered catalysts 
after oxidation reactions, and electrochemical studies are included in Appendix A.  
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CHAPTER 2: OXYGEN ATOM INSERTION INTO THE RHODIUM-CARBON BOND OF 
Κ2-COORDINATED 2-PHENYLPYRIDINE1 
 
Introduction 
 Reactions of Rh(Cp*) complexes
1-3
 with oxygen atom transfer reagents could provide a 
useful comparison to the oxidation chemistry of its heavier congener, iridium. Oxygen atom 
transfer to Rh(Cp*) complexes without Cp* decomposition may also give deeper insight into the 
oxygen atom transfer reaction for group 9 metals, or yield valuable reaction products, such as 
Rh(V)oxo complexes. Rh(V) complexes are rare,
4
 and no terminal Rh(V)oxo complexes have 
been reported. Terminal oxo complexes of the late transition metals (groups 9-11) have been 
proposed as reactive intermediates in biological pathways,
5
 industrial processes,
6
 and water 
oxidation catalysis.
7
 Despite numerous efforts to synthesize stable late transition metal 
complexes with terminal oxo ligands, only two definitive monomeric examples are known: a 
Pt(IV)oxo compound with a tridentate P-C-N pincer,
8-9
 and a (mesityl)3Ir(V)oxo complex.
10-11
 A 
dinuclear iridium complex with a bridging oxo ligand that displays an unusually short iridium-
oxygen bond distance (1.858 Å) suggests the presence of an iridium-oxo multiple bond.
12-13
 
 The lack of isolated late transition metal oxo compounds stems from destabilizing, 
repulsive interactions between filled dπ orbitals on the metal with filled p orbitals on the oxo 
ligand.
14
 Orbital overlap between filled metal dπ and filled oxo p orbitals serves as the 
                                                          
1
 This chapter previously appeared as an article in the journal Organometallics. The work in this 
chapter was the result of a collaboration with William Jones, James Morris, and William 
Brennessel at the University of Rochester. The original citation is as follows: Turlington, C. R.; 
Morris, J.; White, P. S.; Brennessel, W. W.; Jones, W. D.; Brookhart, M.; Templeton, J. L. 
Organometallics. 2014, 33, 4442-4448. 
30 
 
Figure 2.1. Synthesis of a Rh(Cp*)(phpy) 
cation with a labile nitrile ligand. 
foundation for the “oxo wall” concept, which predicts that an octahedral late transition metal 
oxo complex would be highly unstable.
15
 The (mesityl)3Ir(V)oxo and Pt(IV)oxo complexes 
described above adopt tetrahedral and distorted square planar geometries, respectively, which 
minimize repulsive overlap of filled dπ orbitals on the metal and filled p orbitals of the oxo 
ligand. 
 Herein, we describe reactions of Rh(Cp*) complexes with oxygen atom transfer reagents. 
It was found that the reactivity of the rhodium complexes was clean and markedly different from 
the reactivity of the reported iridium analogues when using a soluble iodosylarene oxidant 
(sPhIO, 2-tert-butylsulfonyliodosylbenzene). A new C-O bond forming reaction was discovered 
via oxygen atom insertion into the rhodium-carbon bond of coordinated phpy. Attempts were 
made to cleave the resulting 2-(2-pyridyl)phenoxide ligand from rhodium. It was also found that 
sPhIO could coordinate to rhodium as a neutral, two-electron donor ligand, but no evidence of 
oxidation to a Rh(V)oxo complex was observed. 
Results and Discussion 
 Synthesis. Chloride abstraction from Rh(Cp*)(phpy)Cl in dichloromethane with 
Na[B(Ar
F
)4] in the presence of the weak two-electron donor ligand 3,5-
bis(trifluoromethyl)benzonitrile (NCAr
F
) allowed facile access to complex 1, 
[Rh(Cp*)(phpy)(NCAr
F
)][B(Ar
F
)4] (Figure 2.1). Substitution of the NCAr
F
 ligand by a stronger 
σ-donor ligand occurred rapidly in solution. In addition, a 1H NMR spectrum of compound 1 in 
acetone-d6 revealed that exchange was occurring between the acetone solvent and the NCAr
F
 
ligand. 
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Figure 2.2. Two synthetic strategies for 
preparation of [Rh(Cp*)(2-(2-
pyridyl)phenoxide)(sPhIO)][B(Ar
F
)4] (2). 
 
 Oxidation of 1 with 2-tertbutylsulfonyliodosylbenzene (sPhIO). When a solution of 
the nitrile adduct 1 in dichloromethane-d2 was treated with 2 equivalents of sPhIO
16-18
 at room 
temperature (Figure 2.2), 92% conversion to a new rhodium complex was observed by 
1
H NMR 
spectroscopy (determined by using an internal standard). The 
1
H and 
13
C NMR spectra 
confirmed that free NCAr
F
 was present in the solution, indicating that NCAr
F
 was not oxidized. 
In addition, only one equivalent of sPhI (the reduced oxidant, 2-tert-butylsulfonyliodobenzene) 
was observed. The fate of the second equivalent of sPhIO was not immediately apparent, but a 
t
Bu resonance appeared upfield (1.18 ppm) of the 
t
Bu resonances for sPhIO (1.40 ppm) and sPhI 
(1.38 ppm) in the 
1
H NMR spectrum. In addition, the Cp* resonance appeared as a singlet at 1.44 
ppm, demonstrating that the η5-ligand had not been oxidized. The stability of the new rhodium 
product at room temperature, though limited, encouraged attempts to synthesize and isolate the 
complex on a preparative scale.  
 
 Isolation of the same rhodium product (as confirmed by NMR spectroscopy) was 
accomplished by a one-pot reaction containing Rh(Cp*)(phpy)Cl and Na[B(Ar
F
)4] and two 
equivalents of sPhIO (Figure 2.2). A crystal of the product suitable for X-ray analysis was grown 
by layering pentanes on top of a concentrated solution of the product in dichloromethane and 
storing at -20 °C. The structure (Figure 2.3) revealed oxygen atom insertion into the rhodium-
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carbon bond of Rh(Cp*)(phpy) and coordination of an sPhIO molecule, forming [Rh(Cp*)(2-(2-
pyridyl)phenoxide)(sPhIO)][B(Ar
F
)4] (2). Compound 2 was stable in the solid state, but 
converted to a dinuclear product in dichloromethane solutions over time. This dinuclear product 
will be discussed in more detail later in this chapter. 
 One striking feature of product 2 is that an sPhIO molecule serves as a neutral, two-
electron donor ligand to rhodium. Confirmation of coordination of an iodosylaryl oxidant to a 
metal is rare.
19
 The sPhIO oxidant is considered to be nucleophilic because the reported iodine-
oxygen bond distance of 1.848(6) Å suggests extra electron density on the iodosyl oxygen (as 
shown by the resonance structure in Figure 2.2).
20
 In addition, the Lewis acid BF3 interacts with 
the iodosyl oxygen atom, allowing BF3 to be used as a solubilizing reagent for iodosylaryl 
oxidants.
20
 Structural characterization of a coordinated sPhIO unit in complex 2 further confirms 
that the oxidant is nucleophilic at the iodosyl oxygen. Indeed, coordination of sPhIO in the NMR 
experiment is favored relative to coordination of either NCAr
F
 or sPhI (via interaction either with 
the iodine or with one of the sulfonyl oxygens of sPhI). The iodosyl oxygen – iodine bond 
distance increases from 1.848(6) Å to 1.909(4) Å upon coordination of sPhIO. This is consistent 
Figure 2.3. ORTEP drawing of 2, with 
partial numbering scheme (50% probability 
thermal ellipsoids). Hydrogen atoms and 
the anion are omitted for clarity. Selected 
bond lengths (Å), bond angles (deg), and 
torsion angles (deg): Rh1 – O4 2.068(4), O4 
– C11 1.351(8), Rh1 – N1 2.115(5), Rh1 – O1 
2.093(4), O1 – I1 1.909(4), I1 – C1 2.126(6), 
I1 
…
 O2 2.652(4), O1-I1-C1 92.1(2), O1-I1-O2 
165.7(2), C11-C16-C17-N1 35(1). 
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with less electron density on the iodosyl oxygen as a result of electron donation to cationic 
rhodium(III), which weakens the bonding interaction with iodine. The highly charged iodine 
receives extra electron density from the sulfonyl oxygen to compensate for the weaker bond to 
the iodosyl oxygen, as evidenced by the contraction of the distance between the iodine and 
sulfonyl oxygen distance from 2.707(5) Å to 2.652(4) Å. The sulfonyl oxygen, iodine, and 
iodosyl oxygen also maintain their nearly linear relationship when bound (~166°) similar to free 
sPhIO (~167°). The iodosyl oxygen – rhodium bond distance is 2.093(4) Å, which is within the 
range of a single bond, and is comparable to the bond distance between rhodium and the 2-(2-
pyridyl)phenoxide oxygen (2.068(4) Å). Although sPhIO is a powerful oxidant, it simply 
coordinates to Rh(III) here. Coordinated sPhIO does not oxidize rhodium to a terminal oxo 
complex through elimination of sPhI, even when heated. 
 Oxygen atom insertion into the rhodium-carbon bond of coordinated phpy results in the 
formation of a coordinated 2-(2-pyridyl)phenoxide ligand. Olefin and carbonyl insertion 
reactions into the rhodium-carbon bond of Rh(Cp*)(phpy) complexes have been well 
documented.
3,21
 These insertions occur without any oxidation state changes at the metal. An 
oxygen atom insertion, however, could involve redox chemistry at rhodium. If the first step of 
phpy oxidation is coordination of sPhIO to the metal center, then at least two reaction 
mechanisms are possible. The first mechanism is a concerted insertion of oxygen into the 
rhodium-carbon bond, with simultaneous release of sPhI. A second possible mechanism would 
be a stepwise insertion, initiated by oxygen atom transfer to rhodium and release of sPhI. 
Formation of the Rh(V)oxo intermediate would be followed by insertion, which would formally 
reduce the metal back to Rh(III). These two mechanisms have been studied by computational 
analysis for an isoelectronic amide insertion into the rhodium-carbon bond of phpy.
 22
 In this 
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system, phpy amination is accomplished by treating a Rh(Cp*)(phpy) catalyst with organic 
azides, which are two-electron oxidants. DFT analysis suggested stepwise oxidation to a 
Rh(V)nitrenoid, followed by nitrene insertion into the rhodium-carbon bond, was energetically 
more favorable than a concerted mechanism. Our results fail to support a stepwise mechanism 
for the isoelectronic oxygen atom insertion reaction, because coordinated sPhIO in complex 2 
does not oxidize the metal to a Rh(V)oxo complex, even when heated. While the Rh(V) 
oxidation state cannot be ruled out in our system, it is clearly difficult to access. Based on the 
fact that oxygen atom insertion occurs rapidly at room temperature, oxidation to a 
rhodium(V)oxo intermediate seems unlikely in this reaction. 
 The oxidation of [Rh(Cp*)(phpy)(NCAr
F
)]
+
 (1) with sPhIO contrasts sharply with the 
oxidation of the analogous iridium complex [Ir(Cp*)(phpy)(NCAr
F
)]
+
. In the iridium case, the 
NCAr
F
 ligand did not dissociate but was instead oxidized via oxygen atom transfer to the nitrile 
carbon.
23
 Insertion into the iridium-carbon bond of phpy followed, forming an amide. 
Dissociation of NCAr
F
 from rhodium occurred rapidly, however, and NCAr
F
 was not oxidized. 
This difference in reactivity may be due to a well-established trend of faster ligand exchange 
rates for second row transition metals in comparison to third row metals.
24
 In addition, in the 
iridium case a second oxygen atom transfer occurred after formation of the amide, presumably 
due to coordination of a second sPhIO oxidant molecule (a second equivalent of sPhI was 
observed as a product). That rhodium is not oxidized after coordination of an sPhIO molecule 
likely stems from the trend that second row transition metals are harder to oxidize than third row 
transition metals.
24 
 When a single equivalent of sPhIO was added to compound 1, roughly half of the 
compound converted to complex 2 in less than five minutes (as assessed by 
1
H NMR 
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Figure 2.4. Reaction of Rh complex 1 
with one equivalent of sPhIO. 
 
spectroscopy). About half of the original concentration of 1 remained, which suggested that 
coordination of sPhIO to the five-coordinate [Rh(Cp*)(2-(2-pyridyl)phenoxide)]
+
 fragment is 
fast relative to oxygen atom transfer to the transient, five-coordinate [Rh(Cp*)(phpy)]
+
 species. 
After leaving the solution at room temperature overnight, 
1
H NMR spectroscopy revealed that 
both compounds 1 and 2 had cleanly converted to a single, new rhodium species. All of the 
sPhIO had also been reduced to sPhI. Neither NCAr
F
 nor sPhI were coordinated to the rhodium 
center. Instead, 
1
H NMR spectroscopy suggested that the final product was a dinuclear rhodium 
species with bridging phenoxide ligands (3, Figure 2.4), as the chemical shifts of 3 were related 
to the chemical shifts of bridging 2-(2-pyridyl)phenoxide ligands for a related Ir(Cp*) dimer.
23
 
X-ray crystallography confirmed the dimeric structure of 3. Dimer 3 also formed when a 
dichloromethane solution of the Rh-sPhIO adduct 2 was left at room temperature for 16 hours.  
 
 Cleaving the 2-(2-pyridyl)phenoxide ligand from rhodium. All attempts to cleave the 
2-(2-pyridyl)phenoxide ligand from dinuclear compound 3 were unsuccessful.
25
 It was possible, 
however, to cleave the bidentate ligand from the monomeric rhodium compound 2 with acid. 
Treating 2 (generated in situ from 1 and two equivalents of sPhIO) with 10 equivalents of 2-
phenylpyridine and heating at 80 °C for 3 hours yielded 0.25 equivalents of 2-(2-pyridyl)phenol 
(relative to rhodium). Adding pivalic acid to the above reaction facilitated cleavage of 2-(2-
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Figure 2.5. Conditions for cleaving 2-(2-
pyridyl)phenol from rhodium. 
 
pyridyl)phenol from rhodium.
26
 After 3 hours at room temperature, a solution of 2, with 10 
equivalents each of 2-phenylpyridine and pivalic acid, produced 1.4 equivalents of 2-(2-
pyridyl)phenol (Figure 2.5). It is possible for more than one equivalent of 2-(2-pyridyl)phenol to 
be generated in relation to rhodium because two equivalents of the sPhIO oxidant are added to 
form complex 2. In addition, carboxylates aid C-H activation of 2-phenylpyridine at rhodium.
1-
2,27
 Because it was possible to generate more than one equivalent of 2-(2-pyridyl)phenol from 
rhodium, we proceeded to screen conditions for a catalytic reaction. 
 
 Selected catalytic screening reactions are shown in Table 1. All reactions use precatalyst 
1, which is activated in situ by added oxidant, and 13 molar equivalents of 2-phenylpyridine. The 
oxidants sPhIO, iodosylbenzene, and hydrogen peroxide were screened. Reactions with 
iodosylbenzene and sPhIO were deemed complete when full conversion of the oxidants to 
iodobenzene and sPhI was observed by 
1
H NMR spectroscopy. Background reactions in the 
absence of rhodium precatalyst 1 yielded no 2-(2-pyridyl)phenol (Appendix B). 
 All of the turnover numbers were small, ranging from roughly two to five, with the 
highest turnovers obtained when hydrogen peroxide was used. It was found that lower 
temperatures and longer reaction times led to higher conversion of 2-phenylpyridine to 2-(2-
pyridyl)phenol (comparing entry 1 to 2 and entry 3 to 4). Importantly, oxidative equivalents that 
did not lead to productive formation of 2-(2-pyridyl)phenol had been consumed by the end of 
these reactions. Presumably, catalyst deactivation occurred more rapidly at higher temperatures. 
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Increasing the pivalic acid concentration seemed to promote liberation of 2-(2-pyridyl)phenol 
from rhodium (entries 4 and 5). Acetic acid was also screened as a substitute for pivalic acid, and 
was found to be comparable to pivalic acid (entries 6 and 7). Increasing the acetic acid 
concentration, however, seemed to inhibit the hydroxylation reaction (entries 7 and 8). No 
evidence for more than one C-H activation/hydroxylation reaction per substrate molecule was 
observed. 
entry oxidant (equiv) additive (equiv) temp/time equiv phenol
a 
1
b
 sPhIO (13 equiv) Pivalic acid (5 equiv) 40 °C, 5 h 1.8 equiv 
2
b
 sPhIO (13) Pivalic acid (5) 23 °C, 22 h 2.3 
3
 Iodosylbenzene (14) Pivalic acid (5) 80 °C, 3 h 2.9 
4 Iodosylbenzene (14) Pivalic acid (5) 23 °C, 22 h 4.4 
5
 Iodosylbenzene (14) Pivalic acid (19) 23 °C, 21 h 5.1 
6
 H2O2 (56) Pivalic acid (5) 23 °C, 21 h 5.6 
7
 H2O2 (56) Acetic acid (5) 23 °C, 21 h 5.4 
8
 H2O2 (56) Acetic acid (57) 23 °C, 21 h 4.2 
Table 2.1. Optimization of conditions for catalytic generation of 2-(2-pyridyl)phenol. Reaction 
conditions: 5.0 mg 1 (3.0 μmol), 6.5 mg phpy (42 μmol, 14 equiv), oxidant, carboxylic acid, and 
CD2Cl2 were stirred in a sealed acetylation vial. Molar equivalents of oxidant, acid, and 2-(2-
pyridyl)phenol are in relation to rhodium precatalyst 1. 
a
Determined by 
1
H NMR spectroscopy 
using hexamethyldisiloxane as an internal standard. 
b
The reaction was conducted in an NMR 
tube and was not stirred. 
 
 It was hypothesized that oxidative Cp* ligand degradation was deactivating the catalyst 
after a few turnovers. Oxidative degradation of the Cp* ligand of Ir(Cp*) complexes is common 
under harsh oxidizing conditions.
 28-29
 To test if Cp* ligand degradation might be occurring, 
compound 1 was mixed with six equivalents of PhIO (which is poorly soluble). After 10 minutes 
of vigorous shaking at room temperature, 
1
H NMR spectroscopy revealed that the original singlet 
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signal for the five Cp* methyl groups was replaced by at least 12 singlets between 0.6 and 2.2 
ppm. Such signals can be attributed to various decomposition products, such as oxidized ring 
carbon fragments, hydroxylated methyl groups, and acetic acid.
29
 This is evidence that Cp* 
ligand degradation occurs rapidly in the absence of excess phpy. In the catalytic reactions, the 
mildest oxidant (hydrogen peroxide) led to the highest number of turnovers before catalyst 
deactivation. Comparison of the two iodosylaryl reagents (sPhIO and iodosylbenzene) revealed 
that higher turnovers were achieved with PhIO because dissolution of PhIO is slow relative to 
sPhIO. For each oxidant, oxidative equivalents are consumed that do not lead to hydroxylation of 
2-phenylpyridine. 
 In comparison to systems known to catalyze hydroxylation of arylpyridines, our method 
is mild but inefficient. An aerobic oxidation with PdCl2 and a radical co-catalyst has been 
developed by Jiao and coworkers, which achieves greater than 17 turnovers for phenylpyridine 
oxidation.
30
 The reaction, however, must be heated to 100 °C under an atmosphere of oxygen. 
Ruthenium catalysts have recently been reported as competent hydroxylation catalysts for aryl 
groups containing directing groups such as esters, amides, ketones, carbamates, and anilides.
31
 
While these hydroxylation reactions may be run at lower temperatures (50 °C – 120 °C), they 
require a chemical oxidant other than dioxygen. Other strategies for metal-catalyzed C-H 
hydroxylation typically involve elevated temperatures (80 °C – 100 °C), 32 or employ stepwise 
borylation followed by oxidation to the phenol.
33
 Although the Rh(Cp*)(phpy) catalyst reported 
here effects hydroxylation of arylpyridines at room temperature, it is easily deactivated in the 
presence of oxygen atom transfer reagents. Instability of precatalyst 1 under oxidative conditions 
limits its application in catalytic hydroxylation of arylpyridines. 
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Conclusions 
 The oxidation of Rh(Cp*) compounds with sPhIO differs from similar oxidations of 
Ir(Cp*) complexes. Oxidation of [Rh(Cp*)(phpy)(NCAr
F
)][B(Ar
F
)4] (1) resulted in oxygen atom 
insertion into the rhodium-carbon bond of coordinated phpy upon dissociation of the NCAr
F
 
ligand, and coordination of a second sPhIO molecule filled the vacant coordination site. This is a 
rare example of an iodosylaryl oxidant coordinated to a metal. Oxidation of phpy to a 2-(2-
pyridyl)phenoxide was not observed in the oxidation of [Ir(Cp*)(phpy)NCAr
F
]
+
, and evidence 
for the coordination of sPhIO to iridium was not obtained. The rhodium oxidation product, 
complex 2, converted to a phenoxide-bridged dinuclear species after 16 hours. The dimer could 
also be conveniently generated by chloride abstraction from Rh(Cp*)(phpy)Cl in 
dichloromethane and oxidation with hydrogen peroxide. In the presence of pivalic acid, 2-(2-
pyridyl)phenol could be cleaved from mononuclear 2 (generated in situ from oxidation of 1). 
Complex 1 was also capable of generating approximately five equivalents of 2-(2-pyridyl)phenol 
when treated with excess phpy, hydrogen peroxide, and acetic acid at room temperature. 
Although these are mild conditions for hydroxylation of 2-phenylpyridine, deactivation of the 
catalyst was facile, presumably due to the oxidative degradation of the Cp* ligand. Coordination 
of sPhIO in complex 2 demonstrates that rhodium is loath to undergo oxidation to a Rh(V) 
terminal oxo species.  
Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. 
Dichloromethane, hexane, and pentane were purified under an argon atmosphere and passed 
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through a column packed with activated alumina. All other chemicals were used as received 
without further purification. 
1
H and 
13
C NMR spectra were recorded on Bruker AVANCEIII400, 
AVANCEIII500, and AVANCEIII600 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts 
were referenced to residual 
1
H and 
13
C signals of the deuterated solvents. Unless stated 
otherwise, yields of NMR reactions were determined using hexamethyldisiloxane as an internal 
standard. X-ray diffraction studies were conducted on a Bruker-AXS SMART APEX-II 
diffractometer. Crystals were selected and mounted using a paratone oil on a MiteGen mylar tip. 
Elemental analyses were performed by Robertson Microlit Laboratories of Madison, NJ or the 
CENTC Elemental Analysis Facility at the University of Rochester. Caution! An explosion 
hazard has been reported using the initially published procedure for preparation of the oxygen 
atom transfer reagent 2-tert-butylsulfonyliodosylbenzene (sPhIO).
16-17
 In this work we have used 
a recent procedure published by Lin.
18
 
 Synthesis of [Rh(Cp*)(phpy)(NCAr
F
)][B(Ar
F
)4] (1). A 100 mL Schlenk flask was 
charged with 150 mg Rh(Cp*)(phpy)Cl
 
(0.35 mmol),
3
 350 mg Na[B(Ar
F
)4] (0.40 mmol), 107 mg 
NCAr
F
 (0.45 mmol), and 20 mL dichloromethane. The reaction was stirred for 5 h, at which 
point the mixture was filtered. The solvent of the filtrate was reduced to a minimal volume and 
the solution was slowly added to 25 mL of chilled (-78 °C), rapidly stirring hexane. The mixture 
was filtered via cannula, and the resulting solid was heated at 30 °C overnight under high 
vacuum. The product was isolated as a red powder (320 mg, 61%). Anal. Calcd (found) for 
C62H38BF30RhN2: C, 49.82 (49.55); H, 2.56 (2.75); N, 1.87 (1.80). 
1
H NMR (600 MHz, CD2Cl2) 
δ 8.67 (d, J = 5.4, 1H), 8.12 (s, 1H), 7.92 (d, J = 7.8, 1H), 7.89 (td, J = 7.2 and 1.2, 1H), 7.86 (s, 
2H), 7.80 (d, J = 7.2, 1H), 7.74 (overlapping 8H singlet and 1H doublet), 7.56 (s, 4H), 7.38 (td, J 
= 7.2 and 1.2, 1H), 7.30 (td, J = 6.6 and 1.2, 1H), 7.25 (td, J = 7.5 and 1.2, 1H), 1.65 (s, 15H). 
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13
C{
1
H} NMR (125 MHz, CD2Cl2, -10 °C ) δ 172.7 (d, JC-Rh = 29), 165.5, 161.8 (1:1:1:1 quartet, 
JC-B = 50), 151.3, 144.3, 139.4, 136.4, 134.8, 133.2, 130.0 (q, 2 bond JC-F = 35), 131.6, 128.8 (q, 
2 bond JC-F = 33), 128.4, 124.9, 124.7 (q, 1 bond JC-F = 270), 124.6, 123.7, 121.9 (q, 1 bond JC-F 
= 270), 120.5, 120.4, 117.5 (septet, 3 bond JC-F = 3.8), 112.2, 99.1 (d, JC-Rh = 6.3), 9.1. 
 Synthesis of [Rh(Cp*)(2-(2-pyridyl)phenoxide)(sPhIO)][B(Ar
F
)4] (2). A 100 mL 
Schlenk flask was charged with 100 mg Rh(Cp*)(phpy)Cl (0.23 mmol), 220 mg Na[B(Ar
F
)4] 
(0.25 mmol), 170 mg sPhIO (0.50 mmol), and 15 mL dichloromethane. The reaction was stirred 
for 10 min at 0 °C and cooled to -78 °C. The mixture was then filtered via cannula, with the 
filtrate being discharged directly from the cannula into 30 mL of chilled (-78 °C), rapidly stirring 
pentane. The resulting mixture was then filtered and washed three times with 30 mL aliquots of 
pentane. After heating the solid at 35 °C for one h under high vacuum, 245 mg of an orange 
powder was isolated (65%). Compound 2 was also prepared in situ by dissolving 10 mg of 
complex 1 (7.0 μmol) and 5.0 mg of sPhIO (15 μmol) in 0.4 mL of dichloromethane-d2 at room 
temperature. NMR spectroscopy revealed 92% conversion to compound 2 (using 
hexamethyldisiloxane as an internal standard). Crystals suitable for X-ray diffraction were grown 
by slow evaporation of a dichloromethane solution of 2. Using Olex2,
34
 the structure was solved 
with the olex2.solve structure solution program using charge flipping and refined with the XL 
refinement package using least squares minimisation.
35
 Crystal Data for C64H50BCl2F24INO4RhS 
(M =1696.63): monoclinic, space group P21/c (no. 14), a = 15.5769(4) Å, b = 25.1329(8) Å, c = 
19.3985(5) Å, β = 113.4368(14)°, V = 6967.8(3) Å3, Z = 4, T = 100 K, μ(CuKα) = 7.441 mm-1, 
Dcalc = 1.617 g/mm
3, 55603 reflections measured (6.084 ≤ 2Θ ≤ 140.334), 12977 unique (Rint = 
0.0539, Rsigma = 0.0425) which were used in all calculations. The final R1 was 0.0542 (I > 2σ(I)), 
the wR2 was 0.1527 (all data), and the goodness of fit on F
2
 = 1.046. Anal. Calcd (found) for 
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C63H48BF24INO4RhS: C, 46.95 (47.10); H, 3.00 (2.78); N, 0.87 (0.87). 
1
H NMR (500 MHz, 
CD2Cl2, -10 °C) δ 8.59 (d, J = 5.5, 1H), 8.20 (d, J = 8.5, 1H), 7.91 (td, J = 7.8 and 1.0, 1H), 7.84-
7.74 (m, 3H), 7.72 (s, 8H), 7.64 (t, J = 7.5, 1H), 7.55 (overlapping 4H singlet and 1H doublet or 
triplet), 7.37 (td, J = 7.8 and 1.5, 1H), 7.22 (t, J = 5.5, 1H), 7.11 (d, J = 7.5, 1H), 6.90 (td, J = 7.5 
and 1.0, 1H), 1.41 (s, 15H), 1.13 (s, 9H). 
13
C{
1
H} NMR (125 MHz, CD2Cl2, -10 °C) δ 163.3, 
161.8 (1:1:1:1 quartet, JC-B = 50), 156.6, 150.1, 139.4, 136.2, 134.8, 133.0, 132.1, 131.3, 130.5, 
129.6, 128.8 (q, 2 bond JC-F = 31), 128.3, 127.9, 124.6 (q, 1 bond JC-F = 270), 124.1, 123.7, 
123.3, 119.2, 117.6 (septet, 3 bond JC-F = 3.8), 115.1, 92.8 (d, JC-Rh = 8.8), 63.5, 22.8, 8.2. 
 Synthesis of [Rh(Cp*)(2-(2-pyridyl)-μ-phenoxide)]2[OTf]2 (3). A 10 mg portion of 
Rh(Cp*)(phpy)Cl (23 μmol) was dissolved in 0.5 mL dichloromethane, followed by addition of 
7.8 mg silver triflate (30 μmol).  A white precipitate formed and was removed by filtration 
through a plug of Celite.  The filtrate was then treated with 10 mg of an aqueous solution of 
hydrogen peroxide (30%, 90 μmol) and filtered a second time through a second plug of Celite.  
The solvent was removed in vacuo, and the solid was dried under high vacuum overnight, 
yielding 10.3 mg of dinuclear product 3 (79%). Compound 3 was also formed by treating 
complex 1 with one equivalent of sPhIO, or by allowing a dichloromethane solution of 2 to 
dimerize by leaving at room temperature for 16 h. Poor solubility prevented acquisition of a 
suitable 
13
C NMR spectrum of 3, so the 
13
C NMR spectrum of [Rh(Cp*)(2-(2-pyridyl)-μ-
phenoxide)]2[B(Ar
F
)4]2 has been reported instead. Anal. Calcd. (found) for C44H46F6NO4RhS: C, 
47.41 (46.92); H, 4.16 (4.19); N, 2.51 (2.31). 
 1
H NMR (500 MHz, CD2Cl2) δ 9.34 (d, J = 5.5, 
1H), 8.33 (td, J = 8.0 and 1.5, 1H), 8.19 (d, J = 8.0, 1H), 8.15 (td, J = 7.0 and 1.5, 1H), 7.93 (dd, 
J = 8.0 and 1.5, 1H), 7.70 (td, J = 8.0 and 1.5, 1H), 7.60 (d, J = 7.5, 1H), 7.27 (t, J = 7.5, 1H), 
0.71 (s, 15H). 
13
C{
1
H} NMR of [Rh(Cp*)(2-(2-pyridyl)-μ-phenoxide)]2[B(Ar
F
)4]2 (150 MHz, 
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Acetone-d6) δ 162.6 (1:1:1:1 quartet, JC-B = 50), 162.4, 156.1, 153.8, 141.9, 135.6, 133.5, 131.5, 
130.3, 130.0 (q, 2 bond JC-F = 32), 127.1, 127.0, 125.4 (q, 1 bond JC-F = 270), 125.0, 123.7, 118.5 
(septet, 3 bond JC-F = 4.5), 94.6 (d, JC-Rh = 9.0), 7.8. 
 Catalyst Screening Reactions. For each reaction, 5.0 mg precatalyst 1 (3.0 μmol), 6.5 mg 2-
phenylpyridine (42 μmol, 14 equiv), 2 μL hexamethyldisiloxane, 0.5 mL dichloromethane-d2, an oxidant, 
and a carboxylic acid were combined in a FisherBrand Screw-Thread Vial. The vial was sealed and 
stirred at elevated temperatures or at room temperature. Reactions with the oxidant sPhIO were conducted 
in a sealed NMR tube without a stir bar, as all of the reagents were soluble. Hydrogen peroxide was added 
as a 30% aqueous solution. The concentration of 2-(2-pyridyl)phenol was determined by 
1
H NMR 
spectroscopy at the end of the reactions (using hexamethyldisiloxane as an internal standard). For 
reactions using the iodosylaryl oxidants PhIO and sPhIO, the reactions were deemed complete when all of 
the oxidant had converted to the respective iodoarenes by NMR spectroscopy. 
Supporting Information Available 
 NMR spectra of new compounds and a full list of catalyst screening reactions are 
included in Appendix B. 
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CHAPTER 3: HALF-SANDWICH IRIDIUM(CP*) COMPLEXES  
WITH PYRIDINE-N-OXIDES AS LIGANDS
1 
 
Introduction 
 
 Discovery of an oxygen atom insertion reaction into the rhodium-carbon bond of 
coordinated phenylpyridine inspired efforts to observe oxygen atom insertion into the metal-
carbon bond of Ir(Cp*)(phpy) complexes. Oxygen atom insertion into coordinated phpy at 
iridium may allow for catalytic hydroxylation of phpy, or offer insight into decomposition 
pathways of iridium water oxidation catalysts. One strategy to promote oxygen atom insertion is 
to synthesize metal complexes with coordinated OAT reagents and then heat or photolyze the 
complexes. Thermolysis and photolysis of complexes with OAT reagents as ligands can lead to 
oxygen atom insertion or formation of metal-oxo compounds (Figure 3.1).  
 While coordination of nucleophilic OAT reagents typically forms transient intermediates, 
some stable metal complexes with coordinated OAT reagents have been isolated. Such 
compounds serve as well-defined starting points for oxidation or insertion reactions because the 
initial metal-oxygen bond is already established. For example, iron and manganese complexes 
with coordinated perchlorate anions (ClO4
-
) have been oxidized to their respective oxo 
                                                          
1
 This chapter is an excerpt from an accepted article in The Journal of Organometallic 
Chemistry. The citation is as follows: Turlington, C. R.; White, P. S.; Brookhart, M.; Templeton, 
J. L. J. Organomet. Chem. 2015, http://dx.doi.org/10.1016/j.jorganchem.2015.02.007. 
Figure 3.1. Coordination of oxygen atom 
transfer reagents to metals can induce 
insertion reactions (a) or oxidation to metal-
oxo complexes (b). 
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compounds by photolysis resulting in extrusion of chlorate (ClO3
-
).
1
 In addition, a polypyridyl 
iron compound with coordinated iodosylbenzene has been reported, and this iron compound 
oxidized sulfides to sulfoxides when heated, presumably due to formation of an intermediate 
iron-oxo complex.
2
 Even a ruthenium complex with a pendant pyridine-N-oxide ligand furnished 
a ruthenium-oxo compound upon photolysis.
3
 N-oxides also coordinate to platinum and rhodium 
compounds, generating stable models of intermediates proposed in oxy-functionalization 
reactions.
4-5
 Compounds with coordinated OAT reagents are relatively easy to handle and serve 
as well-defined precursors for oxygen atom transfer reactions. Activation of coordinated OAT 
reagents with heat or light, therefore, is an attractive method to probe either alky/aryl migration 
to the oxygen atom of the OAT reagent or oxidation to form an oxo complex. 
 In this chapter, two new iridium compounds with coordinated oxygen atom transfer 
reagents are reported. The oxidation reaction is investigated for each of these compounds by 
photolysis and thermolysis, and the reactivity of each compound is described. 
Results and Discussion 
 Synthesis of Ir(Cp*)(phpy) cations with coordinated pyridine-N-oxides was accomplished 
in one step (Cp* = η5-pentamethylcyclopentadienyl, phpy = cyclometalated 2-phenylpyridine). 
Chloride abstraction from Ir(Cp*)(phpy)Cl in the presence of stoichiometric pyridine-N-oxide 
yielded the pyridine-N-oxide adducts (Figure 3.2). Pyridine-N-oxide and 4-methoxy-pyridine-N-
oxide formed stable adducts with iridium. A stable product could not be obtained using 4-nitro-
pyridine-N-oxide, a much more reactive oxygen atom transfer reagent.  
Figure 3.2. Synthesis of Ir(Cp*) 
complexes 6 and 7 with coordinated 
N-oxides. 
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 Iridium(Cp*) complexes with coordinated pyridine-N-oxides. The choice of pyridine-
N-oxide affected the stability of the Ir(Cp*)(phpy) adduct. Stable products could be formed using 
pyridine-N-oxide (compound 6) and 4-methoxy-pyridine-N-oxide (compound 7), but 
decomposition was observed when the stronger OAT reagent, 4-nitro-pyridine-N-oxide, was 
tried (Figure 3.3). The electron-withdrawing nitro group destabilizes the nitrogen-oxygen bond 
of the N-oxide. That OAT occurred spontaneously from 4-nitro-pyridine-N-oxide suggested that 
OAT might be promoted starting from coordinated pyridine-N-oxide and 4-methoxy-pyridine-N-
oxide. Stable coordination of these two N-oxides in complexes 6 and 7 allowed for monitoring 
OAT reactions initiated by thermolysis or photolysis.  
 Thermolysis. Compound 6 was dissolved in dichloromethane-d2 and heated at 80 °C in a 
sealed NMR tube for 16 hours (Figure 3.4). 
1
H NMR spectroscopy after heating revealed that all 
of compound 6 had reacted, but the reaction was not clean. The major product was identified as 
the pyridine adduct, [Ir(Cp*)(phpy)(pyridine)]
+
, which was formed in 35% yield. The identity of 
the product was verified by comparison to a known sample of [Ir(Cp*)(phpy)(pyridine)]
+
, which 
was generated in situ by adding pyridine to the acetonitrile adduct, [Ir(Cp*)(phpy)(NCCH3)]
+
.
6
 
An additional 43% of the iridium species might be accounted for by summing the integrals of 
two resonances in the alkyl region (the resonances might correspond to -CH3 groups of the Cp* 
ligand), but these minor species could not be identified because the 
1
H NMR spectrum was 
complex. At least 22% of the iridium starting material suffered decomposition of the organic 
ligands and was invisible by 
1
H NMR spectroscopy, but the percentage of iridium that 
Figure 3.3. Chloride abstraction from 
iridium in the presence of 4-nitro-
pyridine-N-oxide leads to 
decomposition. 
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experienced organic ligand oxidation may have reached as high as 65%. Shorter reaction times 
(4 hours) resulted in only partial conversion of compound 6, but no new intermediates were 
observed, and ligand decomposition was still implicated. Cp* ligand degradation is often 
observed under oxidative stress at iridium.
7
  
 The presence of [Ir(Cp*)(phpy)(pyridine)]
+
 can be accounted for by ligand substitution of 
pyridine for pyridine-N-oxide at compound 6. Pyridine is the byproduct of oxygen atom transfer 
from pyridine-N-oxide. Presumably, coordination of pyridine limits oxidative degradation of the 
organometallic Ir(Cp*)(phpy) backbone by preventing OAT to iridium. No evidence of oxygen 
atom insertion into the iridium-carbon bond of coordinated phpy was observed, although the 
isoelectronic nitrene insertion into the iridium-carbon bond of coordinated phpy at 
[Ir(Cp*)(phpy)(NCCH3)]
+
 has been documented.
6
 In addition, oxygen atom insertion into the 
rhodium-carbon bond of coordinated phpy at a Rh(Cp*) complex has been observed.
8
 Oxygen 
atom insertion does not occur in the thermolysis reaction presented here. 
 Thermolysis of the 4-methoxy-pyridine-N-oxide adduct 7 at 75 °C for 16 hours was also 
performed (Figure 3.5). It was found that complex 7 did not react as quickly as compound 6, 
which is expected because 4-methoxy-pyridine-N-oxide is a milder OAT reagent than pyridine-
N-oxide. Conversion to the 4-methoxy-pyridine adduct, [Ir(Cp*)(phpy)(4-methoxy-pyridine)]
+
, 
had reached 44% after 16 hours, but 29% of starting compound 7 still remained. Oxygen atom 
Figure 3.4. Thermolysis of compound 6. 
Figure 3.5. Thermolysis of compound 7. 
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insertion into the iridium-carbon bond of coordinated phpy was not observed, and no evidence of 
an iridium-oxo compound was obtained spectroscopically. Instead, OAT was believed to cause 
oxidative degradation of at least 20% of the iridium starting material 7. The results of these two 
thermolysis reactions are similar to what was observed in thermolysis reactions of platinum and 
rhodium compounds with coordinated pyridine-N-oxide ligands.
5 
 Photolysis. In an attempt to stabilize potentially reactive species formed during 
photolysis reactions, all photolysis experiments were conducted at -10 °C (470 nm light). 
Irradiation of pyridine-N-oxide adduct 6 for 4 hours at -10 °C resulted in only partial conversion 
of the starting compound (Figure 3.6a). The original compound 6 still accounted for 64% of the 
iridium species in solution, while 27% of the iridium had converted to the pyridine adduct, 
[Ir(Cp*)(phpy)(pyridine)]
+
. At most, only 9% of the sample suffered Cp* ligand degradation, but 
the photolysis reaction still resembled the thermolysis reaction for pyridine-N-oxide adduct 6. 
Irradiation of compound 7 at -10 °C for 4 hours resulted in no reaction (Figure 3.6b). It is 
possible that the reaction was too slow to be monitored at -10 °C, or that irradiation did not 
trigger oxygen atom transfer. Another possibility is that breaking the nitrogen-oxygen bond of 
the coordinated N-oxide is reversible, rapidly reforming the nitrogen-oxygen bond. A reversible 
bond-breaking reaction has been identified by femtosecond laser flash spectroscopic study of a 
ruthenium compound with a coordinated pyridine-N-oxide.
3
 The possibility of a degenerate, 
Figure 3.6. Photolysis of compound 6 
(a) and compound 7 (b). 
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reversible reaction would be more likely with compound 7 than with compound 6 because 4-
methoxy-pyridine is more easily oxidized to an N-oxide than pyridine. 
Conclusions 
 In neither the thermolysis nor photolysis experiments could any evidence be obtained for 
oxo complexes or oxygen atom insertion into the iridium-carbon bond of coordinated phpy. 
Instead, the predominant molecular products were [Ir(Cp*)(phpy)(pyridine)] cations, formed by 
displacement of N-oxides by liberated pyridines. Oxidative ligand degradation was also 
implicated, especially for the more reactive OPy adduct 6. This suggests that the Ir(Cp*)(phpy) 
backbone is unlikely to support oxygen atom insertion into the iridium-carbon bond of 
coordinated phpy when these complexes include OAT reagents as ligands. 
Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. Methylene 
chloride, hexane, and pentane were purified under an argon atmosphere and distilled over 
calcium hydride. All other chemicals were used as received without further purification. 
1
H and 
13
C NMR spectra were recorded on Bruker AVANCEIII400, AVANCEIII500, and 
AVANCEIII600 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts were referenced to 
residual 
1
H and 
13
C signals of the deuterated solvents. Yields of NMR reactions were determined 
using the resonances of the [B(Ar
F
)4] anion as an internal standard. Elemental analyses were 
performed by Robertson Microlit Laboratories of Madison, NJ. 
 Irradiation experiments. Solutions of compounds 6 and 7 were prepared in NMR tubes 
in dichloromethane-d2. The NMR tubes were placed in a Thermo NesLab CB-80 cooled to -10 
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°C, and were irradiated for four hours with 470 nm LED light strips. The solutions were then 
analyzed by 
1
H NMR spectroscopy. 
 Synthesis of [Ir(Cp*)(phpy)(pyridine-N-oxide)][B(Ar
F
)4] (6). A 100 mL Schlenk flask 
was charged with 88 mg Ir(Cp*)(phpy)Cl (0.17 mmol), 159 mg Na[B(Ar
F
)4] (0.18 mmol), 18 mg 
pyridine-N-oxide (0.18 mmol), and 20 mL dichloromethane. The reaction was stirred for five 
hours at room temperature and then filtered. The solvent was removed under reduced pressure 
and 147 mg of a red powder was isolated (60%).  Anal. Calcd. (found) for C58H40BF24IrN2O: C, 
48.38 (48.16); H, 2.80 (2.75); N, 1.95 (1.99). 
1
H NMR (500 MHz, CD2Cl2) δ 8.86 (d, J = 6.0, 
1H), 7.82 (td, J = 8.0 and 1.5, 1H), 7.72 (s, 8H), 7.72 (overlapping doublet, 1H), 7.69 (d, J = 8.0, 
1H), 7.56 (s, 4H), 7.39 (d, J = 7.5, 1H), 7.39 (overlapping triplet, 1H) 7.34 (td, J = 6.5 and 1.5, 
1H), 7.15 (d, J = 5.5, 2H), 7.08 (td, J = 6.5 and 1.5, 1H), 7.00 (td, J = 8.0 and 1.5, 1H), 6.91 (t, J 
= 7.0, 2H), 1.67 (s, 15H). 
13
C{
1
H} NMR (125 MHz, CD2Cl2) δ 167.5, 164.6, 162.1 (1:1:1:1 
quartet, JC-B = 50), 151.4, 145.6, 140.9, 139.6, 135.5, 135.2, 134.9, 132.0, 129.2 (q, 2 bond JC-F = 
32), 126.0, 125.0 (q, 1 bond JC-F = 271), 124.5, 124.4, 124.3, 119.5, 117.9 (septet, 3 bond JC-F = 
4), 88.9, 9.1. 
 Synthesis of [Ir(Cp*)(phpy)(4-methoxy-pyridine-N-oxide)][B(Ar
F
)4] (7). A 100 mL 
Schlenk flask was charged with 50 mg Ir(Cp*)(phpy)Cl (0.10 mmol), 95 mg Na[B(Ar
F
)4] (0.11 
mmol), 15 mg 4-methoxy-pyridine-N-oxide hydrate (0.11 mmol), and 20 mL dichloromethane. 
The reaction was stirred for four hours at room temperature and then filtered. The solvent was 
reduced to a minimal volume and slowly added to chilled (-78 °C), rapidly stirring pentane (30 
mL). The orange powder was isolated by filtration (103 mg, 72% yield). Anal. Calcd. (found) for 
C59H42BF24IrN2O2: C, 48.21 (48.12); H, 2.88 (2.94); N, 1.91 (1.94). 
1
H NMR (400 MHz, 
CD2Cl2) δ 8.85 (d, J = 5.2, 1H), 7.81 (t, J = 7.2, 1H), 7.73 (s, 8H), 7.73 (overlapping doublets, 
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2H), 7.56 (s, 4H), 7.43 (d, J = 7.6, 1H), 7.33 (t, J = 5.6, 1H) 7.09 (t, J = 7.2, 1H), 7.03 (t, J = 7.6, 
1H), 6.95 (d, J = 7.6, 2H), 6.29 (d, J = 7.2, 2H), 3.71 (s, 3H), 1.66 (s, 15H). 
13
C{
1
H} NMR (150 
MHz, CD2Cl2) δ 167.5, 164.8, 164.2, 162.1 (1:1:1:1 quartet, JC-B = 50), 151.4, 145.7, 141.7, 
139.4, 135.6, 135.2, 131.8, 129.2 (q, 2 bond JC-F = 32), 125.0 (q, 1 bond JC-F = 271), 124.5, 
124.4, 124.1, 119.5, 117.9 (septet, 3 bond JC-F = 4), 110.9, 88.7, 57.2, 9.0. 
Supporting Information Available 
 NMR spectra of new compounds are included in Appendix C. 
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CHAPTER 4: IRIDIUM(CP*) COMPLEXES WITH BIDENTATE LIGANDS 
REPRESENTING OXYGEN ATOM INSERTION PRODUCTS
1
 
 
Introduction 
 Iridium(Cp*) complexes with bidentate ligands serve as precatalysts for water 
oxidation.
1-7
 Ir(V)oxo complexes were originally invoked as the reactive intermediates during 
catalysis;
8-9
 however, these iridium catalysts have been plagued by oxidative ligand degradation 
in the harsh oxidizing conditions required for water oxidation.
10-13
 Reports implicate 
decomposition to iridium-based nanoparticles (IrOx·nH2O is a known water oxidation catalyst)
14-
15
 when using ceric ammonium nitrate.
16-17
 Despite clear evidence for Cp* ligand oxidation to 
formic, acetic, and glycolic acids, decomposition pathways and products are not known for 
common bidentate ligands, such as phenylpyridine. Oxygen atom insertion into the iridium-
carbon bond of phenylpyridine could be a decomposition pathway involving the bidentate ligand. 
Although we were unable to observe oxygen atom insertion upon photolysis or thermolysis of 
Ir(Cp*)(phpy) complexes with coordinated OAT reagents, this does not exclude the possibility of 
oxygen atom insertion in the presence of excess ceric ammonium nitrate. To investigate iridium 
products that could arise form oxygen atom insertion into the bidentate phenylpyridine ligand, 
we synthesized model complexes with oxidized phenylpyridine ligands. The reactivity of these 
model compounds suggested plausible decomposition pathways for the bidentate phpy ligand 
during water oxidation catalysis. 
                                                          
1
 This chapter is an excerpt of an article previously appearing in The Journal of the American 
Chemical Society. The original citation is as follows: Turlington, C. R.; White, P. S.; Brookhart, 
M.; Templeton, J. L. J. Am. Chem. Soc. 2014, 136, 3981-3994. 
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Results and Discussion 
 Complexes representing oxygen atom insertion products. Inspired by reports of olefin 
insertion into the iridium-carbon bond of [Ir(Cp*)(phpy)(olefin)]
+
 complexes,
18
 we hypothesized 
that oxygen atom insertion into either the iridium-carbon or the iridium-nitrogen bond of phpy 
was possible. To investigate this possibility we independently prepared complexes exhibiting 
such structural features. 
 A proligand that could serve as a model for oxygen atom insertion into the iridium-
carbon bond of phpy, 2-(2-hydroxyphenyl)pyridine (2), has been reported.
19
 A different synthetic 
route to 2 was employed to also allow access to a phpy-derived ligand representing oxygen atom 
insertion into both the iridium-carbon and iridium-nitrogen bonds. The proligand 2-(2-
hydroxyphenyl)pyridine-N-oxide (3) was synthesized in one step using a modified coupling 
procedure (Figure 4.1).
20-21
 Acceptable yields were achieved when the reaction solution was 
heated above the boiling point of the solvent (toluene) in a closed reaction vessel. Employing 
lower temperatures resulted in lower yields and only partial conversion of the 2-bromophenol 
substrate. The yield for this reaction was low in comparison to other coupling reactions reported 
for pyridine-N-oxides and bromoarenes.
20
 This is likely due to the properties of the 2-
bromophenol reagent, which is sterically demanding and can also bind to the metal as a 
phenoxide ligand.
22 
Reduction of 3 to the known compound 2 required more forcing conditions 
than expected for reduction of N-oxides.
20
 Full conversion could be achieved when 3 was heated 
Figure 4.1. Synthesis of proligands 2 and 3. 
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at reflux for 48 hours in the presence of ammonium formate and Pd/C. It may be that the N-oxide 
of 3 is stabilized by hydrogen bonding to the phenolic hydrogen, which lowers its reactivity. 
 
 Metalation of 2 was accomplished following deprotonation of the proligand by an 
insoluble base (NaH) in THF. This solution was filtered by cannula directly into a vessel with 
[Ir(Cp*)Cl2]2 (Figure 4.2). The sodium ion from the salt of deprotonated 2 abstracted an 
equivalent of chloride from the iridium, thus allowing κ2 coordination of the ligand. The iridium 
product, Ir(Cp*)(2-(2-pyridyl)phenoxide)Cl (4), was stable to both moisture and air, and could 
be conveniently purified by chromatography on silica. 
 The X-ray structure of 4 was obtained and is shown in Figure 4.3. The aromatic rings of 
the bound chelating ligand 2 are canted by 27.9°. The constraint imposed on the conjugated aryl 
system is the consequence of forming a six-membered metallacycle. Both the iridium-oxygen 
bond distance (2.082 Å) and the iridium-nitrogen bond distance (2.100 Å) were within expected 
bonding distances for iridium complexes.
23-25 
Figure 4.3. ORTEP drawing of 4, with partial 
numbering scheme (50% probability thermal 
ellipsoids). Hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å), bond angles 
(deg), and torsion angles (deg): Ir1 – O1 2.082(2), 
Ir1 – N1 2.100(3), Ir1 – Cl1 2.4070(8), C11 – O1 
1.325(4), O1-Ir1-Cl1 85.81(7), N1-Ir1-O1 
82.74(10), Cl1-Ir1-N1 86.28(7), Ir1-O1-C11 
114.34(19), C11-C6-C5-N1 27.9(5). 
Figure 4.2. Metalation of 2, yielding 
complex 4. 
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 Metalation of 3 was more challenging because of the poor solubility of the pyridine-N-
oxide.
20
 It was necessary to use at least 1 mL of THF per every 2 mg of proligand to ensure 
complete dissolution of the sodium salt of 3. When this ratio of THF to 3 was used, 
deprotonation of the phenol by NaH and cannula filtration onto [Ir(Cp*)Cl2]2 yielded Ir(Cp*)(2-
(2-pyridyl)phenoxide-N-oxide)Cl (5, Figure 4.4). The [Ir(Cp*)Cl2]2 dimer had to be carefully 
dried by heating at 50 °C under high vacuum overnight. This prevented protonation of the 
sodium salt of 3 prior to reaction with the metal. In addition, the product displayed extreme 
sensitivity to moisture. Product instability will be discussed later.  
 The growth of crystals of 5 was accomplished by preparing a saturated solution of the 
complex in pentane and storing in a glovebox freezer at -25° C. Structural characterization of 5 
represents a rare example of an iridium complex with a bound N-oxide (Figure 4.5).
26-27
 The 
iridium-oxygen bond length of the coordinated N-oxide is 2.111 Å, which is comparable to the 
rhodium-oxygen bond length of a coordinated pyridine-N-oxide (2.080 Å) in a [Rh(cycloocta-
1,5-diene)(μ-pyridinyl-N-oxide)]2 dimer (the analogous distances in the two reported square-
Figure 4.4. Metalation of 3, yielding 
complex 5. 
Figure 4.5. ORTEP drawing of 5, with 
partial numbering scheme (50% probability 
thermal ellipsoids). Hydrogen atoms are 
omitted for clarity. Selected bond lengths 
(Å), bond angles (deg), and torsion angles 
(deg): Ir1 – O1 2.101(2), Ir1 – O2 2.111(2), 
Ir1 – Cl1 2.4130(7), C1 – O1 1.338(4), O2 – 
N1 1.350(3), O1-Ir1-Cl1 83.59(6), O2-Ir1-O1 
82.44(8), Cl1-Ir1-O2 91.67(6), Ir1-O1-C1 
119.64(19), Ir1-O2-N1 123.36(17), C1-C6-
C7-N1 51.3(4). 
60 
 
planar Ir(I) complexes were 2.031 Å and 2.030 Å).
28
 The octahedral geometry of 5 and the 
seven-membered metallacycle with a coordinated N-oxide are unique for iridium. The seven-
membered metallacycle forces the two aryl rings to deviate from planarity by a remarkable 51.3°, 
a phenomenon that has also been reported in metal complexes with the isoelectronic κ2 chelating 
ligand 2,2’-bipyridine-N,N’-dioxide.29 The Ir-OPh bond distance is 2.101 Å, which is 
comparable to the analogous distance in 4. 
 Reactivity of complexes with oxidized phpy ligands and implications for catalyst 
degradation. Replacement of the chloride ligand by NCAr
F
 in complex 4 was attempted by 
combining Na[B(Ar
F
)4] and 4 in the presence of NCAr
F
. A new iridium complex was formed 
after 24 hours, but surprisingly, the nitrile ligand was not coordinated. X-ray diffraction analysis 
on a suitable crystal revealed a dinuclear iridium product [Ir(Cp*)(2-(2-pyridyl)-μ-
phenoxide)]2[B(Ar
F
)4]2 (6), with bridging phenoxide ligands (Figure 4.6). The structure of 6 
showed an elongated carbon-oxygen bond of 1.361 Å (for comparison, the same bond in 4 is 
1.325 Å). The Ir2O2 core was roughly planar, and the iridium nuclei do not interact, as they are 
separated by 3.441 Å. Remarkably, the Cp* methyl protons resonated at 0.59 ppm in the 
1
H 
Figure 4.6. ORTEP drawing of 6, with 
partial numbering scheme (50% 
probability thermal ellipsoids). The 
anions and hydrogen atoms are omitted 
for clarity. Selected bond lengths (Å), 
bond angles (deg), and torsion angles 
(deg): Ir1 – O1 2.1294(17), Ir1 – O1′ 
2.1373(17), Ir1 – N1 2.099(2), C1 – O1 
1.361(3), O1-Ir1-O1′ 72.49(7), O1′-Ir1-
N1 80.12(7), N1-Ir1-O1 80.96(7), Ir1-
O1-Ir1′ 107.51(7), C1-C6-C7-N1 31.4(4). 
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NMR spectrum, which is an upfield shift of greater than 0.7 ppm from the starting material 4. 
This shift is likely accounted for by the Cp* methyl groups being positioned within the shielding 
region of the arylpyridine ligands. In the absence of the benzonitrile ligand, 6 was formed in 
several hours. Dimer 6 was not sensitive to air or moisture, and a 21 h exposure to either carbon 
monoxide or ethylene failed to cleave the dimer into mononuclear components (Figure 4.7). If 
oxygen atom insertion into the iridium-carbon bond of a bidentate ligand is possible, formation 
of 6 could represent an example of a deactivation pathway implicating a bidentate ligand in an 
Ir(Cp*) water oxidation catalyst. Many studies citing catalyst decomposition propose Cp* 
degradation pathways,
10-13,30-31
 but the role of the bidentate ligand is not clear. Complexes that 
are known to be molecular catalysts when driven by the sacrificial oxidant NaIO4 include 
bidentate ligands with pyridine ligands or propanolate ligands, which are less likely to facilitate 
oxygen atom insertion than an iridium-carbon bond.
30,32 
 As mentioned earlier, 5 is sensitive to water. When 2.0 μL of water (0.11 mmol) was 
added to a solution of 5 (6.5 mg, 0.012 mmol) in dry dichloromethane-d2, the 
1
H NMR 
resonances of 5 disappeared after 1 minute of vigorous shaking. One product of decomposition 
was the protonated proligand 3, which was identified in the 
1
H NMR spectrum (99% conversion, 
based on an internal standard). The sensitivity of 5 to water may arise from the weak bonding 
interaction between the hard pyridine-N-oxide donor ligand and iridium. Substitution of water 
Figure 4.7. Formation of 6 and reaction with trapping ligands. 
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for the pyridine-N-oxide, therefore, would result in κ1 coordination of the 2-(2-
pyridyl)phenoxide-N-oxide ligand (Figure 4.8). Protonation of the phenoxide-bound ligand 3 is 
attractive as the second step leading toward cleavage of 3 from iridium. Water molecules 
coordinated to metals are acidic (pKa < 10) and could serve as the proton donor.
33
 Loss of the 
oxidized ligand 3 demonstrates that a modified bidentate ligand may be cleaved from Ir(Cp*) 
complexes. The final identity of the iridium product formed from 5 and water has not been 
determined, but it may be an [Ir(Cp*)(OH)Cl]n species. Formation of a water-sensitive seven-
membered metallacycle by oxygen atom insertion into both the iridium-carbon and the iridium-
nitrogen bonds is an improbable decomposition pathway for molecular iridium species involving 
bidentate ligands, since oxygen atom insertion into an iridium-nitrogen bond is unprecedented.  
Conclusions 
 Ligands modelling oxidation of phpy by oxygen atom insertion into the iridium-carbon 
and/or iridium-nitrogen bonds were synthesized and metalated. Complex 4, with a κ2 ligand 
modelling oxygen atom insertion into the iridium carbon bond of phpy, formed an unreactive 
phenoxide-bridged iridium dimer (6) upon chloride abstraction. Another iridium complex (5), 
with a κ2 ligand representing the product of oxygen atom insertion into the iridium-carbon and 
iridium-nitrogen bonds of phpy, was sensitive to moisture, and the bidentate ligand was cleaved 
from iridium. The properties and behavior of the independently synthesized iridium complexes 
prepared with oxidized phpy ligands yielded insights into potential decomposition pathways 
involving phpy ligands in water oxidation catalysis. 
 
Figure 4.8. Proposed reaction of 5 
with water. 
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Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. Methylene 
chloride, hexane, and pentane were purified under an argon atmosphere and passed through a 
column packed with activated alumina. All other chemicals were used as received without 
further purification. 
1
H and 
13
C NMR spectra were recorded on Bruker AVANCEIII400, 
AVANCEIII500, and AVANCEIII600 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts 
were referenced to residual 
1
H and 
13
C signals of the deuterated solvents. Unless stated 
otherwise, yields of NMR reactions were determined using hexamethyldisiloxane as an internal 
standard. X-ray diffraction studies were conducted on a Bruker-AXS SMART APEX-II 
diffractometer. Crystals were selected and mounted using a paratone oil on a MiteGen mylar tip. 
Elemental analyses were performed by Robertson Microlit Laboratories of Madison, NJ.  
 Synthesis of 2-(2-hydroxyphenyl)pyridine (2). To a thick-walled, 100 mL glass vessel, 
333 mg 2-(2-hydroxyphenyl)pyridine-N-oxide (1.8 mmol), 1.06 g ammonium formate (16.8 
mmol, 9.5 equiv), 80 mg of 5% Pd/C (2 mol%), and 16 mL of methanol were added. The 
reaction vessel was sealed, covered with aluminum foil, and heated at 95 °C overnight. After 
cooling to room temperature the next morning, the mixture was filtered and the solvent was 
removed under reduced pressure. The oil was diluted with dichloromethane and eluted through a 
silica gel column with dichloromethane/hexane mixtures. After removing the solvent under 
reduced pressure, 183 mg of a pale yellow oil was isolated (60%). The product matched the 
spectral properties previously reported
45
 for this compound. 
1
H NMR (500 MHz, CD2Cl2) δ 
64 
 
14.27 (s, O-H, 1H), 8.52 (d, J = 4.5, 1H), 7.95 (d, J = 8.5, 1H), 7.88 (t, J = 7.5, 1H), 7.83 (d, J = 
8.0, 1H), 7.29 (m, 2H), 6.96 (d, J = 8.5, 1H), 6.91 (t, J = 7.0, 1H). 
 Synthesis of 2-(2-hydroxyphenyl)pyridine-N-oxide (3). In a glovebox, 118 mg 
Pd(OAc)2 (0.53 mmol, 5 mol %), 460 mg [HP
t
Bu3]BF4 (1.58 mmol, 14 mol %), 2.9 g K2CO3 (21 
mmol, 1.9 equiv), and 4 g pyridine-N-oxide (42 mmol, 3.8 equiv) were added to a 100 mL 
pressure flask. Toluene (20 mL) was added, followed by 1.3 mL 2-bromophenol (11 mmol, 1 
equiv). The reaction vessel was closed securely, brought out of the glovebox, and heated at 135 
°C overnight while stirring. The next morning, the mixture was cooled to room temperature and 
filtered through Celite. The Celite was washed two times with dichloromethane and then twice 
with acetone. The solvent was removed, and the crude material was chromatographed on silica 
gel using acetone/hexane (1:4 v:v, Rf = 0.07). The product fractions were collected, the solvent 
was removed, and the solid was heated at 50 °C under vacuum overnight. 940 mg of product was 
isolated (45%). Anal. Calcd. (found) for C11H9NO2: C, 70.58 (70.33); H, 4.85 (4.80); N, 7.48 
(7.38). 
1
H NMR (400 MHz, CD2Cl2) δ 11.16 (s, 1H), 8.40 (d, J = 6.5, 1H), 7.69 (d, J = 8.5, 1H), 
7.59 (t, J = 7.5, 1H), 7.46 (t, J = 8.0, 1H), 7.42 (m, 2H), 7.03 (m, 2H). 
13
C{
1
H} NMR (150 MHz, 
CD2Cl2) δ 159.7, 151.4, 140.5, 132.5, 131.4, 130.0, 129.3, 124.7, 121.4, 120.4, 120.3. 
 Synthesis of Ir(Cp*)(2-(2-pyridyl)phenoxide)Cl (4). A Schlenk flask was charged with 
92 mg NaH (3.8 mmol), 35 mL THF, and 92 μL 2-(2-hydroxyphenyl)pyridine (109 mg, 0.63 
mmol). The mixture was stirred at room temperature for 45 minutes and then filtered by cannula 
onto a sample of 225 mg [Ir(Cp*)(Cl)2]2 (0.28 mmol) that had previously been heated at 50 °C 
under vacuum for 18 hours. The mixture was stirred for seven hours and then filtered. The 
solvent was reduced to a minimal volume under reduced pressure and then was added slowly to 
rapidly stirring pentane (20 mL) chilled to -78 °C. The solid was collected by filtration and then 
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eluted through a silica gel column using acetone/dichloromethane (1:4 v:v). The solvent was 
removed under reduced pressure and the yellow solid was heated at 50 °C under high vacuum 
overnight, yielding 230 mg of product (76%). Yellow crystals suitable for X-ray diffraction 
analysis were grown by vapor diffusion of pentane into a concentrated solution of the product in 
dichloromethane. Using Olex2,
34
 the structure was solved with the olex2.solve structure solution 
program using charge flipping and refined with the XL refinement package using least squares 
minimisation.
35
 Crystal data for C21H23NOClIr (M =533.05): monoclinic, space group P21/c (no. 
14), a = 7.22210(10) Å, b = 14.9351(2) Å, c = 17.0443(2) Å, β = 93.7670(10)°, V = 
1834.47(4) Å
3
, Z = 4, T = 100 K, μ(CuKα) = 15.486 mm-1, Dcalc = 1.930 g/mm3, 33119 
reflections measured (7.88 ≤ 2Θ ≤ 140.5), 3490 unique (Rint = 0.0319) which were used in all 
calculations. The final R1 was 0.0207 (>2sigma(I)) and wR2 was 0.0472 (all data), with a 
goodness-of-fit on F
2
 = 1.181. Anal. Calcd. (found) for C21H23ClIrNO: C, 47.31 (47.10); H, 4.35 
(4.34); N, 2.63 (2.46). 
1
H NMR (500 MHz, CD2Cl2) δ 8.72 (d, J = 5.5, 1H), 7.78 (t, J = 8.0, 1H), 
7.72 (d, J = 8.0, 1H), 7.49 (d, J = 7.5, 1H), 7.21 (overlapping triplets, J = 7.0 and 7.5, 2H), 6.91 
(d, J = 8.0, 1H), 6.63 (t, J = 7.5, 1H), 1.34 (s, 15H). 
13
C{
1
H} NMR (100 MHz, CD2Cl2) δ 169.2, 
155.7, 153.8, 138.2, 131.4, 128.8, 128.2, 123.1, 122.9, 122.2, 116.5, 84.6, 8.6.  
 Synthesis of Ir(Cp*)(2-(2-pyridyl)phenoxide-N-oxide)Cl (5). To a 100 mL Schlenk 
flask, 93 mg 2-(2-hydroxyphenyl)pyridine-N-oxide (0.5 mmol), 100 mg NaH (4.2 mmol), and 70 
mL THF were added. The mixture was stirred at room temperature overnight. Simultaneously, 
187 mg [Ir(Cp*)(Cl)2]2 (0.24 mmol) was heated at 50 °C under high vacuum overnight. The next 
day, the THF solution was filtered with a cannula onto the metal dimer. The mixture was allowed 
to stir 1.5 hours at room temperature, after which time the mixture was filtered by cannula. The 
solvent was removed from the filtrate, and the resulting solid was redissolved in minimal 
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dichloromethane. The solution was slowly added to rapidly stirring pentane chilled to -78 °C. 
The supernatant was filtered off by cannula and 135 mg of a red solid was isolated after drying 
under high vacuum overnight (52%). The compound was stored in a glovebox freezer. Orange 
crystals suitable for X-ray diffraction were grown by storing a saturated solution of the product 
in pentane at -25 °C. Using Olex2,
34
 the structure was solved with the olex2.solve structure 
solution program using charge flipping and refined with the XL refinement package using least 
squares minimisation.
35
 Crystal Data for C23H27Cl5IrNO2 (M =718.91): triclinic, space group P-1 
(no. 2), a = 9.1491(4) Å, b = 10.4209(4) Å, c = 14.3917(6) Å, α = 75.867(2)°, β = 87.839(2)°, γ = 
74.111(2)°, V = 1279.14(9) Å
3
, Z = 2, T = 100 K, μ(CuKα) = 15.083 mm-1, Dcalc = 
1.867 g/mm
3, 23060 reflections measured (6.34 ≤ 2Θ ≤ 140.34), 4711 unique (Rint = 0.0304) 
which were used in all calculations. The final R1 was 0.0216 (>2sigma(I)) and wR2 was 0.0529 
(all data), with a goodness-of-fit on F
2
 = 1.086. Anal. Calcd. (found) for C21H23ClIrNO2: C, 
45.94 (47.14); H, 4.22 (4.50); N, 2.55 (2.27). 
1
H NMR (500 MHz, CD2Cl2) δ 8.17 (d, J = 6.0, 
1H), 7.73 (t, J = 7.5, 1H), 7.36 (d, J = 8.0, 1H), 7.33 (td, J = 7.0 and 1.5, 1H), 7.28 (td, J = 7.5 
and 1.5, 1H), 7.07 (dd, J = 7.5 and 1.5, 1H), 6.93 (d, J = 7.5, 1H), 6.65 (t, J = 7.0, 1H), 1.55 (s, 
15H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) δ 166.5, 155.9, 143.9, 134.4, 131.6, 131.1, 128.8, 
127.4, 124.8, 121.7, 115.8, 81.7, 9.1. 
 Synthesis of [Ir(Cp*)(2-(2-pyridyl)-μ-phenoxide)]2[B(Ar
F
)4]2 (6). A 100 mL Schlenk 
flask was charged with 100 mg Ir(Cp*)(2-(2-pyridyl)phenoxide)Cl (0.19 mmol), 207 mg 
Na[B(Ar
F
)4] (0.23 mmol), and 30 mL of dichloromethane. After stirring seven hours, the mixture 
was filtered and the solvent of the filtrate was removed. The solid was redissolved in a minimal 
volume of acetone and was slowly added to rapidly stirring pentane (20 mL) chilled to -78 °C. 
The mixture was filtered and the solid was heated at 40 °C overnight under vacuum, yielding 176 
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mg of a yellow solid (69%). Yellow crystals suitable for X-ray diffraction were grown by vapor 
diffusion of pentane into a concentrated solution of the product in dichloromethane. Using 
Olex2,
34
 the structure was solved with the olex2.solve structure solution program using charge 
flipping and refined with the XL refinement package using least squares minimisation.
35
 Crystal 
Data for C54H37BCl2F24IrNO (M =1445.76): triclinic, space group P-1 (no. 2), a = 12.8140(2) Å, 
b = 13.7210(2) Å, c = 18.1145(3) Å, α = 106.1770(10)°, β = 110.3230(10)°, γ = 98.0160(10)°, 
V = 2767.97(7) Å
3
, Z = 2, T = 100.15 K, μ(CuKα) = 6.664 mm-1, Dcalc = 1.735 g/mm3, 39637 
reflections measured (5.56 ≤ 2Θ ≤ 140.22), 10164 unique (Rint = 0.0210) which were used in all 
calculations. The final R1 was 0.0237 (>2sigma(I)) and wR2 was 0.0599 (all data), with a 
goodness-of-fit on F
2
 = 1.087. Anal. Calcd. (found) for C106H70N2B2F48Ir2O2: C, 46.78 (46.91); 
H, 2.59 (2.54); N, 1.03 (1.08). 
1
H NMR (500 MHz, CD2Cl2) δ 8.97 (d, J = 6.0, 2H), 8.23 (m, 
4H), 7.89 (d, J = 8.0, 2H), 7.82 (m, 2H), 7.72 (s, 16H), 7.61 (t, J = 7.5, 2H), 7.55 (s, 8H), 7.28 (t, 
J = 7.5, 2H), 7.17 (d, J = 8.0, 2H), 0.59 (s, 30H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) δ 162.1 
(1:1:1:1 quartet, JC-B = 50), 160.8, 154.3, 152.1, 141.9, 135.1, 133.9, 130.2, 129.2 (q, 2 bond JC-F 
= 31), 127.7, 126.4, 125.9, 125.7, 124.9 (q, 1 bond JC-F = 271), 122.1, 117.8, 85.9, 7.9. 
Supporting Information Available 
 NMR spectra of new compounds are included in Appendix D. 
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CHAPTER 5: CLEAN OXYGEN ATOM TRANSFER TO A HALF-SANDWICH IRIDIUM 
COMPLEX YIELDING A MOLECULAR PRODUCT
1
 
 
Introduction 
 
 Isolated terminal oxo complexes of the late transition metals (groups 9-11) are rare.
1
 
Despite being invoked as key intermediates in biological
2
 and industrial
3
 processes, only two 
mononuclear examples exist: a Pt(IV)oxo complex supported by a tridentate P-C-N pincer 
ligand,
4-5
 and a (mesityl)3Ir(V)oxo compound (Figure 5.1).
6-7
 A bridging oxo ligand in a 
dinuclear iridium species also exhibits a short iridium-oxygen bond distance (1.858 Å), and may 
be considered a third example of a late transition metal-oxo complex.
8
 Notably, reports of oxo 
complexes of gold,
9
 platinum,
10
 and palladium,
11
 stabilized by polyoxometalate ligands, have 
recently been retracted due to misidentification of the metal in the metal-oxo bond.
12 
 Ir(V)oxo complexes were originally invoked as reactive intermediates
13-14
 in water 
oxidation catalysts.
15-21
 However, these iridium catalysts have been plagued by oxidative ligand 
                                                          
1
 This chapter is an excerpt of an article previously appearing in The Journal of the American 
Chemical Society. The original citation is as follows: Turlington, C. R.; White, P. S.; Brookhart, 
M.; Templeton, J. L. J. Am. Chem. Soc. 2014, 136, 3981-3994. 
Figure 5.1. (a) Late transition metal-oxo 
complexes, and (b) an asymmetric bridging 
oxo ligand with an unusually short iridium-
oxygen bond length. 
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degradation in the presence of ceric ammonium nitrate, a harsh oxidizing reagent used for water 
oxidation.
22-25
 Systems employing sodium periodate, a less harsh oxidant, have achieved 
molecular water oxidation
26
 and C-H activation,
27-29
 yet even in this system Cp* ligand oxidation 
and loss is observed.
30-31
 For molecular catalysts using sodium periodate as oxidant, nucleophilic 
attack on a terminal iridium-oxo moiety has been suggested as an explanation for observed 
catalyst activity.
32-34
 Despite much effort, no experimental evidence for Cp*Ir(V)oxo complexes 
has been reported. 
 In chapter one, low temperature oxidations of [Ir(Cp*)(phpy)(NCAr
F
)][B(Ar
F
)4] (1, Cp* 
= η5-pentamethylcyclopentadienyl, phpy = 2-phenylene-ĸC1’-pyridine-ĸN, NCArF = 3,5-
bis(trifluoromethyl)benzonitrile, B(Ar
F
)4 = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate), a 
complex related to numerous water oxidation catalysts, with the oxygen atom transfer (OAT) 
reagents iodosobenzene (PhIO) and dimethyldioxirane (DMDO) were described.
35
 Oxidation 
with PhIO and DMDO resulted in decomposition of 1, rather than oxidation of the metal to form 
an Ir(V)oxo moiety. In chapter two it was shown that the OAT reagent 2-tert-
butylsulfonyliodosobenzene (sPhIO),
36-38
 a more soluble analogue of PhIO, reacted cleanly with 
the rhodium complex [Rh(Cp*)(phpy)(NCAr
F
)][B(Ar
F
)4]. It was desirable to test the reaction of 
iridium compound 1 with the sPhIO oxygen atom transfer reagent. 
 It was found that when 1 was reacted with sPhIO at low temperatures, a single product 
was generated, and Cp* degradation was not implicated. Reaction with HCl led to an Ir(III) 
product reflecting insertion into the Ir-C bond of the phpy ligand. Insertion follows oxidation of 
an electron-deficient nitrile ligand, and an intermediate has been identified and prepared 
independently. Although the final low temperature metal-based oxidation product could not be 
isolated, introducing triphenylphosphine yielded triphenylphosphine oxide and an Ir-PPh3 adduct 
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in 92% yield. Experimental evidence implicating a high valent Ir(V)oxo monomer remains 
elusive. 
Results and Discussion 
 Low-Temperature oxidation with the soluble iodosoaryl reagent 2-tert-
butylsulfonyliodosobenzene (sPhIO). When complex 1 was treated with four equivalents of the 
OAT reagent sPhIO at -40 °C in dichloromethane-d2, 91% conversion (based on an internal 
standard) to a new, temperature-sensitive iridium species was observed by 
1
H NMR 
spectroscopy (Figure 5.2). Two equivalents of 2-tert-butylsulfonyliodobenzene (sPhI, the 
reduced oxidant) were also generated, indicating two oxygen atom transfers per iridium. The 
reaction did not reach full conversion unless excess oxidant was used, presumably due to limited 
solubility of iodonium ylides
36
 and slow second-order kinetics as the reagent concentrations 
dwindled.
 
 The reactive oxidized complex (OC) could only be characterized by low temperature 
NMR spectroscopy, and this complex displayed 
1
H NMR resonances for Cp* and phpy that were 
clearly distinct from those of 1 (Figure 5.3). Upon oxidation, the Cp* methyl resonance (singlet, 
15H) shifted dramatically upfield from 1.68 to 1.24 ppm, and one of the phpy proton resonances 
shifted at least half a ppm upfield to 6.48 ppm (no phpy proton resonance appeared upfield of 
7.11 ppm in 1). Importantly, the NCAr
F
 moiety was still present in the coordination sphere (the 
1
H chemical shifts observed for the nitrile ligand did not correspond to those of free ligand). At   
Figure 5.2. Low temperature oxidation of 1 with sPhIO. 
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-70 °C, the 
1
H NMR spectrum of the OC decoalesced into two isomers (see Appendix D).
39
 
Isomers could result from restricted rotation of the aryl-pyridine bond of a new κ2 ligand, arising 
from structural modification of the phpy ligand upon oxidation. Samples of the OC were 
unstable above -20 °C, at which temperature the oxidized complex began decomposing and 
reacting with excess sPhIO. Oxidation at temperatures higher than -20 °C led to intractable 
materials; the resulting NMR spectra were complicated and suggested ligand oxidation and 
degradation.
40
 Despite utilizing low temperature column chromatography and low temperature 
crystallization techniques, our efforts to isolate the OC proved unsuccessful. 
 When the oxidation of 1 was conducted in the presence of exogenous NCAr
F
, an 
intermediate could be detected (Figure 5.4). The intermediate (Int) had chemical shifts in the 
aromatic region similar to those of the OC, suggesting that modification of the phpy ligand had 
occurred in a previous step. The Int cleanly converted to the OC over time at -40 °C in the 
presence of sPhIO. Presumably, added NCAr
F
 trapped an iridium species with a vacant 
coordination site, which allowed observation of the transient Int. In the absence of trapping 
ligand, the unsaturated iridium species reacted too quickly to be observed by low temperature 
NMR spectroscopy. 
 
Figure 5.4. Observation of an intermediate 
(Int) in the presence of excess nitrile during 
formation of the OC. 
Figure 5.3. Expansion of the aromatic 
region of the 
1
H NMR spectrum of the OC 
at -40 °C. When the OC is formed from 
oxidation of 1 with excess sPhIO, two 
equivalents of sPhIO are generated relative 
to the OC. 
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 Reaction of the oxidized complex with HCl. When isolation of the OC was not 
successful, efforts were made to cleave the modified phpy ligand from the OC and characterize 
it. Accordingly, HCl (g) was purged through a freshly prepared sample of the OC in 
dichloromethane-d2 at -40 °C. This led to a new iridium product with the Cp*, nitrile, and 
phenylpyridine ligand components within the coordination sphere (Figure 5.5). In addition, HCl 
reacted with excess sPhIO (presumably forming sPhICl2, a milder oxidant),
41
 which slowed 
decomposition of the iridium complex when the sample was warmed. After allowing the samples 
of the OC treated with HCl to warm to room temperature, the reaction mixture was washed with 
water, and the solvent (dichloromethane) was removed in vacuo. Residual sPhI was removed by 
washing the solids copiously with pentane, and crystals suitable for X-ray analysis were grown 
by layering pentane on top of a concentrated solution of the metal species in dichloromethane. 
The molecular structure revealed the iridium product as [Ir(Cp*)(3,5-bis(trifluoromethyl)-N-(2-
(2-pyridyl)phenyl)benziminol)Cl][B(Ar
F
)4] (7, Figure 5.6). Notably, the nitrile had inserted into 
the iridium-carbon bond of phpy and the original nitrile carbon now possessed a hydroxyl group. 
The new iminol moiety was verified by the bond lengths reported in the structure. The C-N bond 
length was 1.294 Å and the C-O bond length was 1.316 Å, verifying the identity of the imine 
C=N and C-O bond of 7, respectively. In addition, the torsion angle between the two aryl rings of 
the modified phpy ligand  was 37.3°. The resonances in the 
1
H NMR spectrum of 7 were similar 
to those observed for the OC, but in addition there appeared a broad singlet assigned to the 
alcohol OH at 12.1 ppm.  
 
Figure 5.5. Treatment of the OC with HCl, 
forming 7. 
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 Synthesis of complexes relevant to oxidation of 1. The identities of the Int and OC 
were not apparent from the structural characterization of the HCl addition product 7. Only one 
oxygen atom was incorporated into the ligand framework of 7, while integration of sPhI after 
formation of the OC suggested two equivalents of oxygen atoms had been consumed. The 
identity of the sixth ligand in the Int and the OC was unknown, and chloride presumably 
displaced a ligand in the OC on the way to form 7. The new phpy-derived ligand in 7, however, 
appeared to be related to the phpy-derived ligands of the OC and Int, since the aromatic 
resonances in the
 1
H NMR spectra of all three complexes included a characteristic resonance 
near 6.5 ppm. The resonance at 12.1 ppm for the hydroxyl proton only appeared upon treating 
the OC with HCl, which led us to believe that an amide was present in the OC, and furthermore, 
this amide reflected net insertion of an oxidized nitrile ligand under the oxidative conditions of 
the reaction. Conversion of a coordinated amide to an iminol has been observed at iridium and 
other metals.
42 
 A proligand modeling the phpy-derived ligand corresponding to an amide was 
independently prepared. Synthesis of bis-CF3 substituted benzamide 8 was readily accomplished 
Figure 5.6. ORTEP drawing of 7, with 
partial numbering scheme (50% 
probability thermal ellipsoids). The anion 
and all hydrogen atoms except the 
alcohol OH are omitted for clarity. 
Selected bond lengths (Å), bond angles 
(deg), and torsion angles (deg): Ir1 – Cl1 
2.4035(7), Ir1 – N1 2.109(2), Ir1 – N2 
2.123(2), N2 – C12 1.294(4), N2 – C11 
1.441(4), O1 – C12 1.316(4), Ir1-N2-C12 
128.22(19), C11-N2-C12 121.7(2), N2-C12-
O1 121.7(3), N2-C12-C13 126.8(3), C11-C6-
C5-N1 37.3(4). 
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by an amide coupling reaction between 2-(2-pyridyl)aniline
43
 and the commercially available 
3,5-bis(trifluoromethyl)benzoyl chloride (Figure 5.7). The conditions for the amide coupling 
followed a closely related procedure for the coupling of aminoquinolines and acid chlorides.
44
  
 Metalation of 8 was accomplished using the same strategy as was used for metalation of 
proligands 2 and 3. Proligand 8 was stirred over NaH in THF for 1.5 hrs and then filtered by 
cannula directly onto solid [Ir(Cp*)Cl2]2 dimer (Figure 5.7). The dimer was carefully dried by 
heating at 50 °C overnight under high vacuum. The product of metalation, Ir(Cp*)((3,5-
bis(trifluoromethyl)benzoyl)(2-(2-pyridyl)phenyl)amide)Cl (9), was stable to moisture and air, 
allowing for chromatography and purification on silica gel. Importantly, protonation of 9 with 
HBF4 and counterion exchange with Na[B(Ar
F
)4] yielded 7, which proved to be identical (as 
confirmed by NMR spectroscopy) to the species obtained when the OC was reacted with HCl. 
 Identity of intermediate.  Substitution for the chloride ligand in 9 was achieved using 
Na[B(Ar
F
)4] in the presence of NCAr
F
, yielding [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(NCAr
F
)][B(Ar
F
)4] (10, Figure 5.8). 
1
H NMR spectral signals for 10 at -40 
°C matched the
 1
H NMR resonances observed for the Int formed in the reaction of 1, sPhIO, and 
excess NCAr
F
 at -40 °C. Specifically, the Cp* methyl groups (15H) of 10 resonated at 1.42 ppm 
at low temperature, while the same signal for the Int resonated at 1.45 ppm. The 
1
H NMR 
Figure 5.7. Synthesis of proligand 8 and iridium complexes relevant to sPhIO oxidation. 
Figure 5.8. Synthesis and oxidation of 10. 
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spectrum of 10 also revealed doublets at 8.66 ppm (J = 5.5 Hz) and 6.51 ppm (J = 7.5 Hz), which 
matched well with doublets identified for the Int at 8.70 ppm (J = 5.5 Hz) and 6.52 (J = 8.0 Hz). 
Furthermore, two triplets in the 
1
H NMR spectrum of 10 (7.41 ppm, J = 6.5 Hz; 7.04 ppm, J = 
7.0 Hz) were equivalent to two triplets observed for the Int (7.47 ppm, J = 6.5 Hz; 7.07 ppm, J = 
7.0 Hz). Good agreement between the two 
1
H NMR spectra at -40 °C convinced us that 
independently prepared complex 10 was in fact the Int observed under oxidative conditions in 
the presence of exogenous NCAr
F
. 
 The reaction of 10 with sPhIO at -40 °C was also conducted. The oxidation reaction 
starting from 10 cleanly generated the OC in 90% yield (based on an internal standard) after four 
minutes at -40 °C. Importantly, only one equivalent of sPhI was generated (Figure 5.9), further 
establishing the identity of 10 as the Int observed in the oxidation of 1 in the presence of excess 
NCAr
F
. Excess sPhIO was again required for full conversion of the intermediate 10 to the OC. 
Note that intermediate 10 is not observed in the oxidation reaction of 1 with sPhIO in the 
absence of NCAr
F
. In this case, the intermediate species is not stabilized by added trapping 
ligands, although it may be stabilized by interaction with the solvent (dichloromethane-d2). 
 Neither complex 9 nor 10 exhibited dynamic behavior at -70 °C in their 
1
H NMR spectra 
(the OC decoalesced into two isomers at this temperature). That single isomers were observed by 
1
H NMR spectroscopy at -70 °C for complexes 9 and 10 possibly indicates that further 
modification of the κ2 chelating ligand occurred upon oxidation of the Int. 
Figure 5.9. Expansion of the aromatic 
region of the 
1
H NMR spectrum of the 
OC at -40 °C. When the OC is formed 
by oxidation of the isolated 
intermediate 10 with sPhIO, only one 
equivalent of sPhI is generated. 
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 Mechanisms of first and second oxidation steps. Following identification of the Int as 
10, independent synthesis of 10 allowed the individual oxidation steps to be studied in greater 
detail. These individual steps in the overall reaction of 1 with sPhIO are described in Figure 5.10. 
Initial OAT to 1 results in oxidation of NCAr
F
 and insertion into the iridium-carbon bond of 
phpy, forming an amide. A second OAT step follows, and this step converts the intermediate to 
the OC and is accompanied by the generation of the second equivalent of sPhI. 
 Mechanism of nitrile oxidation in the first oxidation step. The kinetics of the first 
oxidation step were studied to determine if dissociation of the nitrile ligand was a prerequisite for 
nitrile oxidation. When a 6.3 mM solution of 1 with 6 equivalents of sPhIO was mixed at -70 °C, 
the first oxidation step was too fast to monitor by 
1
H NMR spectroscopy, both in the absence and 
in the presence of 44 equiv NCAr
F
 (Figure 5.11). 
 Since the rate of the first oxidation step was too fast to monitor under our conditions, 
ligand substitution experiments were conducted to measure the rate constant of nitrile 
dissociation from iridium. When six equivalents of triphenylphosphine were added to 1, first-
order kinetics for the conversion of 1 to [Ir(Cp*)(phpy)(PPh3)]
+
 (1-PPh3) were observed at -40 
°C. The first-order rate constant for conversion of 1 to 1-PPh3 was determined to be 6.19 x 10
-4
 
s
-1
 (R
2
 = 0.998). In addition to PPh3, acetonitrile was also selected for ligand substitution. 
Although acetonitrile is not a strong ligand, full displacement of NCAr
F
 was observed, forming 
[Ir(Cp*)(phpy)(NCCH3)]
+
 (1-NCCH3).
35,45
  When 30 equiv of acetonitrile were added to 1 at -40 
°C, first-order kinetics were also observed, and the rate of conversion to 1-NCCH3 was 
Figure 5.10. Individual steps in the 
oxidation of 1 with sPhIO. 
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determined to be 6.05 x 10
-4
 s
-1
 (R
2
 = 0.999). Good agreement between the observed rates for 
conversion of 1 to the PPh3 and acetonitrile adducts indicated that the values reflected the rate of 
NCAr
F
 dissociation from 1 (~ 6 x 10
-4
 s
-1
). Since the rate of oxidation is much faster than the rate 
of nitrile dissociation from 1, direct oxidation of the coordinated nitrile must occur (sPhIO does 
not oxidize NCAr
F
 in the absence of iridium). Oxidation of a coordinated nitrile to an amide has 
been observed only rarely.
46-48
 
 Oxidation is likely to occur via nucleophilic attack of sPhIO on the nitrile carbon of σ-
bound NCAr
F
 ligand,
49
 akin to well-established hydrolysis mechanisms of coordinated nitriles.
50
 
Importantly, complex 1 does not react with water in solution at room temperature, which rules 
out product formation via nitrile hydrolysis. The oxidations here are run under anhydrous 
conditions. The reagent sPhIO is considered to be nucleophilic (the reported bond distance 
between the iodine and oxygen is characteristic of a single bond, which leaves extra electron 
density on the oxygen).
51
 Initial attack of sPhIO at the central carbon of NCAr
F
 on 1 would yield 
the intermediate “1a” pictured at the top of Figure 5.12. Migration of two electrons is required to 
break the oxygen-iodine bond of sPhIO and release sPhI. These electrons could come (a) directly 
from the iridium-carbon bond of phpy, which would accomplish insertion in a one-step concerted 
Figure 5.11. Rate of OAT to 1 (top) and 
rate of NCAr
F
 dissociation from 1 
(bottom). 
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process without accessing the Ir(V) oxidation state. Alternatively, in a two-step process, the 
metal could be oxidized (b), generating a transient Ir(V)nitrene ripe for insertion. A recently 
reported catalytic amidation reaction of arenes with cyclometalating directing groups using an 
Ir(Cp*)-based catalyst led to two possible analogous mechanisms (direct insertion versus metal 
oxidation and insertion).
52
 The catalytic reaction employed acyl azides as the amide source, 
effectively a two electron oxidant. In addition, a reported oxidation of an 
[Ir(Cp*)(phpy)NCCH3]
+
 complex with the nitrene transfer reagent PhINTs led to sulfonamide 
insertion into the iridium-carbon bond of phpy.
45
 An Ir(V)nitrene intermediate was postulated. 
Less than a dozen stable Ir(III) complexes with multiply bound nitrogen ligands are known, but 
stable Ir(V)nitrenes have not been reported.
53
 From our experimental evidence, an Ir(V)nitrene is 
neither implicated nor excluded in the first oxidation step of 1 with sPhIO.  
Figure 5.12. Possible mechanisms for 
nitrile oxidation and insertion. 
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 Mechanism of the second oxidation step. The kinetics of oxidation from the intermediate 
10 to the OC were studied in the presence of excess nitrile ligand. Plots of ln[10] versus time 
showed linear behavior when the reactions were run in the presence of excess sPhIO. It was 
found that the rate of reaction was inhibited by excess nitrile (Figure 5.13a). For example, the 
second-order rate constant for oxidation in the absence of added nitrile ligand was 1.68 (±0.13) x 
10
-3
 M
-1
 s
-1
, but when 45 equivalents of nitrile were added, the rate slowed to 0.65 (±0.06) x 10
-3
 
M
-1
 s
-1
. Adding five or fifteen equivalents of nitrile also slowed the rate of reaction, but only 
marginally compared to the reaction with no added NCAr
F
. Inhibition from added NCAr
F
 
suggested that dissociation of NCAr
F
 was necessary for the second oxidation step to occur. 
Direct oxidation of the Cp* or the phpy ligand 8 was not implicated, as sPhIO and the neutral 
iridium-chloride complex 9 did not react at -40 °C.  
 Postulated elementary steps for the second oxidation are depicted in Figure 5.13b. The 
reaction was assumed to be first-order in the sPhIO reagent, although no attempt was made to 
determine the dependence of the rate constant on the sPhIO concentration. When the steady-state 
Figure 5.13. (a) Kinetics of OAT to 10 in 
the presence of NCAr
F
 and (b) proposed 
reaction pathway. 
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approximation is applied to Int*, the five-coordinate iridium species resulting from dissociation 
of NCAr
F
, the rate law shown in Eqn 1 can be derived. The sPhIO concentration was treated as a 
constant in the oxidation reactions, since complete dissolution of a six-fold molar excess of 
sPhIO (relative to 10) was achieved. The observed rate constant (kobs), therefore, was described 
in terms of the rate constants of the elementary steps and the concentration of sPhIO (Eqn 2). 
When the reciprocals of the four kobs values were plotted against their respective concentrations 
of the nitrile ligand (Eqn 3), the data points were fitted by linear regression and yielded an R
2
 
value of 0.988 (Appendix D). The rate constant for dissociation of nitrile (k1) from 10 was 
estimated to be 1.7 x 10
-3
 s
-1
, and the ratio of k2/k-1 was calculated from the slope of the 
regression to be ~ 4.5. The rate of oxidation of Int*, therefore, is roughly five times faster than 
trapping with NCAr
F
. The kinetic data is consistent with reversible nitrile dissociation that 
competes with irreversible oxidation. Notably, dissociation of nitrile in the second oxidation step 
contrasted starkly with behavior observed in the first oxidation step, where coordinated NCAr
F
 
underwent nucleophilic attack. 
 To ascertain whether or not NCAr
F
 was perhaps oxidized after OAT to the metal center, 
we prepared and oxidized analogues of the Int using different trapping ligands p-tolunitrile 
(NCAr
Me
) and pyridine-N-oxide (OPy). Notably, OPy is resistant to oxidation. If oxidation of the 
various analogues yielded the OC in each case, it would suggest that the sixth ligand of the 
intermediate was inconsequential to the formation of the OC. Accordingly, the complexes 
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[Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-pyridyl)phenyl)amide}(NCAr
Me
)][B(Ar
F
)4] (11, 
Int-NCAr
Me
) and [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(OPy)][B(Ar
F
)4] (12, Int-OPy) were prepared following the same strategy 
described for the synthesis of 10. 
 Oxidation of both Int-NCAr
Me
 and Int-OPy with excess sPhIO yielded one equivalent of 
sPhI and the same OC as 10 (Figure 5.14). The oxidation of Int-OPy yielded the OC in 98% 
yield (using an internal standard) after 25 minutes at -30 °C. Apparently OPy binds more tightly 
to iridium than NCAr
F
, and required increased temperatures and more time for the reaction to 
reach completion. Higher temperatures yet (-20 °C) were required to observe a reaction with Int-
NCAr
Me
, which is consistent with a dissociative mechanism and the use of NCAr
Me
, a more 
strongly binding ligand than NCAr
F
 or OPy.  After 45 min, the yield of the OC peaked at 53% 
and then began to decline (internal standard), even though full conversion of Int-NCAr
Me
 had 
not occurred. Presumably after 45 min, the rate of decomposition of the OC surpassed the rate of 
formation of the OC via reaction of Int-NCAr
Me
 and sPhIO. Decomposition products were 
observed in the 
1
H
 
NMR experiment, which was consistent with the appearance of 
decomposition products in the oxidation of 1 with sPhIO at -20 °C. Importantly, free nitrile 
ligand or free OPy were observed in the 
1
H NMR spectra after oxidation of 10, 11, or 12. 
Figure 5.14. Formation of the 
OC using different κ1 ligands. 
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 Conversion of the cationic intermediate to the OC is thus independent of the identity of 
the κ1 ligand. In addition, oxidation of 1 in the absence of excess NCArF also rapidly generated 
the OC, despite the fact that no nitrile was available after coordinated NCAr
F
 was oxidized in the 
first OAT step. That the yield of the OC is higher with OPy as the sixth ligand (98%) of the 
intermediate than with NCAr
F
 as the sixth ligand (90%) may reflect the fact that OPy is stable to 
oxidation. These experiments, in addition to the observation of free nitrile or OPy in the 
1
H NMR 
spectra, confirmed that the sixth ligands in 10, 11, and 12 were not oxidized after dissociation, 
and simply acted as placeholder ligands. 
 Oxidation of the intermediate 10, therefore, requires NCAr
F
 dissociation from iridium 
and yields a species that does not react with free NCAr
F
. Nitrile dissociation from intermediate 
10 exposes an electrophilic Ir(III) center, which the nucleophilic sPhIO oxidant can attack.
54
 
Importantly, the OC is not simply a coordinated sPhIO molecule in the sixth coordination site, as 
one equivalent of sPhI is generated, indicating complete transfer of the oxygen atom to iridium. 
Although the exact identity of the OC is not clear from the spectroscopic data, several 
possibilities are offered that reflect dissociation of the sixth ligand and incorporation of a second 
oxygen atom. These include, but are not limited to, an Ir(V)oxo complex, an 
Ir(III)iminopercarboxylate complex (with a fused 5,6 membered iridacycle and a coordinated 
peroxide), Ir(V) dimers with bis-μ-oxo ligands, and an Ir(III)hydroxamate complex (oxygen 
atom insertion into the iridium-nitrogen bond of the benzamide donor). Importantly, a 
mononuclear Ir(V)oxo complex might be expected to be paramagnetic like known isoelectronic 
Ru(IV)oxo complexes, which would complicate observation by NMR spectroscopy.
55 
Terminal 
metal oxo ligands can also interact to form bis-μ-oxo dimers.56 An Ir(III)iminopercarboxylate 
complex could form via nucleophilic attack of the amide either on a terminal, electrophilic oxo 
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ligand (reducing the metal to Ir(III) and forming an oxygen-oxygen bond) or on the oxygen atom 
of a coordinated sPhIO molecule. The amide served as a base in the presence of HCl, so it might 
also serve as a nucleophile. Insertion into the iridium-nitrogen bond of the benzamide is a 
plausible pathway for hydroxamate formation. 
 The reactivity of the OC was explored to see if it could act as an oxidant. The OC did not 
react with styrene, trans-stilbene, or 2,3-dimethyl-2-butene at -20 °C. In addition, the OC did not 
react with water (delivered as a solution in acetone-d6) between -40 °C and -20 °C. However, 
when 4 equiv of PPh3 were added to a freshly generated solution of the OC and warmed to -20 
°C, phosphine oxidation to the oxide (O=PPh3) was observed, in addition to a new iridium 
species (92% conversion, internal standard) after 75 minutes (Figure 5.15). The iridium complex 
was identified as [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(PPh3)][B(Ar
F
)4] (13) by comparing the 
1
H NMR spectrum to the 
spectrum of an independently prepared sample of 13. Notably, the Cp* methyl protons of the 
new iridium species and complex 13 resonated at 1.32 and 1.31 ppm, respectively. In addition, 
the aromatic regions in the 
1
H NMR spectra were essentially identical (Appendix D). Complex 
13 has been fully characterized, and crystals suitable for X-ray diffraction studies were grown by 
layering pentane on top of a concentrated solution of 13 in dichloromethane. The structure of 13 
revealed the coordinated benzamide functionality with a C-N bond length of 1.357 Å and a C=O 
Figure 5.15. Reaction of the OC with PPh3. 
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bond length of 1.228 Å (Figure 5.16). For comparison, the iminol functionality of 7 included a 
C=N bond distance of 1.294 Å and a C-O bond distance of 1.316 Å, which are distinct from 13. 
  The source of the oxygen atoms in the phosphine oxidation reaction was closely 
examined. Importantly, the calculated ratio of O=PPh3/13 was 3.0 at the end of the reaction, 
based on integration of the 
1
H NMR spectrum (Appendix D). The sPhIO oxidant is known to 
react with phosphine in the absence of metal.
36
 Only two equivalents of the sPhIO reagent (out of 
four) reacted with iridium starting material 1 to form the OC. Two equivalents of O=PPh3, 
therefore, were ascribed to direct oxidation of PPh3 by residual sPhIO. The third oxidative 
equivalent, however, could only be accounted for by OAT from the OC. This conclusion was 
strengthened by the fact that the third equivalent of O=PPh3 grew in concomitantly with the 
appearance of 13. This behavior is consistent with direct OAT from the OC to PPh3. OAT from 
the OC leaves a vacant coordination site, which is trapped by PPh3 to form 13. Notably, the 
(mesityl)3Ir(V)oxo complex has been reported to oxidize phosphines and arsines, but does not 
react with olefins or water.
7
 The oxidized complex, therefore, holds the capacity to cleanly 
oxidize PPh3 and regenerate the same Cp*/κ
2
 ligand framework of intermediate 10. This serves 
Figure 5.16. ORTEP drawing of 13, with 
partial numbering scheme (50% 
probability thermal ellipsoids). The anion 
and all hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å), bond 
angles (deg), and torsion angles (deg): Ir1 
– P1 2.3594(6), Ir1 – N1 2.151(2), Ir1 – N2 
2.105(2), N2 – C12 1.357(4), N2 – C11 
1.420(3), O1 – C12 1.228(3), Ir1-N2-C12 
122.93(17), C11-N2-C12 119.3(2), N2-C12-
O1 123.4(2), N2-C12-C13 119.3(2), C11-C6-
C5-N1 35.3(4). 
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as a unique example of an oxidized Ir(Cp*) complex that reacts to form a well-characterized, 
molecular product. 
Conclusions 
 Oxidation of 1 with the OAT reagent sPhIO yielded a single, molecular compound at -40 
°C. This is a rare example of an Ir(Cp*) complex related to water oxidation catalysts that has not 
suffered from Cp* ligand decomposition when oxidized. Two sequential OAT reactions were 
then uncovered in the low temperature oxidation of 1, and an intermediate was isolated and 
characterized. The intermediate revealed that OAT to the carbon of the nitrile ligand coupled 
with insertion into the iridium-carbon bond of phpy had occurred in the first step. Nucleophilic 
attack of the oxidant on the coordinated nitrile was implicated, and an Ir(V)nitrene may have 
been generated transiently. The second OAT was found to occur upon ligand dissociation from 
iridium, but the oxidized complex could not be identified. OAT from the oxidized complex to 
phosphine, however, was observed in high yield and regenerated an iridium complex with the 
same Cp* and benzamide ligands as the intermediate 10.  
Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. Methylene 
chloride, hexane, and pentane were purified under an argon atmosphere and passed through a 
column packed with activated alumina. All other chemicals were used as received without 
further purification. 
1
H and 
13
C NMR spectra were recorded on Bruker AVANCEIII400, 
AVANCEIII500, and AVANCEIII600 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts 
were referenced to residual 
1
H and 
13
C signals of the deuterated solvents. Unless stated 
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otherwise, yields of NMR reactions were determined using hexamethyldisiloxane as an internal 
standard. IR absorption spectroscopy was carried out on a Bruker Alpha-P ATR absorption 
spectrophotometer. X-ray diffraction studies were conducted on a Bruker-AXS SMART APEX-
II diffractometer. Crystals were selected and mounted using a paratone oil on a MiteGen mylar 
tip. Elemental analyses were performed by Robertson Microlit Laboratories of Madison, NJ. 
CAUTION: An explosion hazard has been reported using the initially published procedure for 
preparation of the OAT reagent 2-tert-butylsulfonyliodosobenzene (sPhIO).
36-37
 In this work we 
have used a recent procedure published by Lin.
38
  
 Kinetics. Ligand Dissociation. Complex 1 (8.0 mg, 5 μmol) was dissolved in 
dichloromethane-d2 and added slowly to a chilled solution (-40 °C) of PPh3 (7.4 mg, 28 μmol) or 
acetonitrile (8 μL, 150 μmol) in dichloromethane-d2. The total solution volume was 800 μL. The 
ligand displacement reaction was monitored by 
1
H NMR spectroscopy at -40 °C, and the 
concentration of 1 was calculated from the ratio of the Cp* integrals for 1 and the respective 
adduct. Plotting the ln[1] as a function of time yielded graphs displaying good linear behavior 
(Appendix D). 
 Oxidation of 10 with sPhIO in the presence of NCAr
F
. A 10 mg portion of sPhIO (29 
μmol) was completely dissolved in dichloromethane-d2 at room temperature and then chilled to -
78 °C. The sPhIO remained in solution when cooled. A solution with 9.0 mg dissolved 10 (5 
μmol) and NCArF (0-45 equiv) in dichloromethane-d2 was slowly added to the sPhIO solution at 
-78 °C, bringing the total sample volume to 800 μL. The oxidation reaction was monitored by 1H 
NMR spectroscopy at -40 °C, and the concentration of 10 was calculated from the ratio of the 
Cp* integrals for 10 and the OC. Plotting the ln[10] versus time yielded charts with good linear 
correlation (Appendix D). 
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 Synthesis of [Ir(Cp*)(phpy)NCAr
F
][B(Ar
F
)4] (1). The synthetic procedure has been 
reported previously.
35 
 Synthesis of [Ir(Cp*)(phpy)NCAr
F
][SbF6] ([1][SbF6]). In a 100 mL Schlenk flask, 150 
mg Ir(Cp*)(phpy)Cl (0.29 mmol), 52 μL NCArF (0.31 mmol), 105 mg AgSbF6 (0.31 mmol), and 
20 mL of dichloromethane were combined. The mixture was stirred for four hours in the dark, at 
which point the mixture was filtered by cannula. The solvent was reduced to a minimal volume 
and added slowly to rapidly stirring pentane chilled to -78 °C. The solid was isolated by filtration 
and dried by heating at 40 °C overnight under high vacuum, yielding 206 mg of product (74%). 
1
H NMR (500 MHz, CD2Cl2) δ 8.80 (d, J = 6.0, 1H), 8.12 (s, 1H), 7.95 (m, 2H), 7.92 (s, 2H), 
7.80 (d, J = 7.5, 1H), 7.78 (d, J = 7.5, 1H), 7.37 (t, J = 6.5, 1H), 7.32 (t, J = 6.5, 1H), 7.23 (t, J = 
7.5, 1H), 1.75 (s, 15H). 
 Synthesis of the “Oxidized Complex” (OC). A solution of 10 mg 1 (6 μmol) in 0.4 mL 
dichloromethane-d2 was slowly added to an NMR tube charged with 8 mg sPhIO (24 μmol, 4 
equiv) and cooled to -40° C.  The mixture was thoroughly mixed for 1 minute using a thin 
copper wire. The sample was transported cold (-78 °C) to an NMR probe cooled to -40 °C. 
1
H 
NMR spectroscopy revealed 91% conversion of 1 to the OC. Alternatively, a  solution of 7 mg 
10 (4 μmol) in 0.4 mL dichloromethane-d2 was slowly added to an NMR tube charged with 7 mg 
sPhIO (21 μmol, 5 equiv) and cooled to -40° C.  The mixture was thoroughly mixed for 4 
minutes using a thin copper wire. Conversion to the OC (90%) was confirmed by 
1
H NMR 
spectroscopy at -40 °C (using the 4-proton resonance of the [B(Ar
F
)4] anion at 7.54 ppm as an 
internal standard). The OC was unstable above -20 °C.
 1
H NMR (500 MHz, CD2Cl2, -40 °C, 
multiple resonances were obscured) δ 8.80 (d, J = 5.0, 1H), 7.89 (d, J = 7.5, 1H), 7.78 (s, 1-2H), 
7.71 (s, 8H), 7.60 (m, 1-2H), 7.53 (s, 4H), 7.10 (m, 2H), 6.47 (m, 1H), 1.21 (s, 15H). 
13
C{
1
H} 
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NMR (125 MHz, CD2Cl2, -40 °C, one carbon was not observed) δ 171.1, 161.5 (1:1:1:1 quartet, 
JC-B = 49), 154.5, 152.4, 145.0, 140.2, 139.6, 136.1, 134.5, 133.6, 131.5, 130.5, 129.7, 128.5 (q, 
2 bond JC-F = 32), 127.7, 125.7, 124.9, 124.3 (q, 1 bond JC-F = 270), 123.9, 122.8 (q, 1 bond JC-F 
= 271), 117.3, 86.2, 8.6. 
 Synthesis of [Ir(Cp*)(3,5-bis(trifluoromethyl)-N-(2-(2-
pyridyl)phenyl)benziminol)Cl][B(Ar
F
)4] (7). A solution of 50 mg 1 (0.032 mmol) in 1 mL 
dichloromethane was added to an NMR tube chilled to -40 °C and charged with 40 mg sPhIO 
(0.12 mmol). The reaction was mixed thoroughly for one minute using a thin piece of copper 
wire, forming the OC. HCl (g) was then gently bubbled through the reaction for one minute at -
40 °C. The solids were allowed to settle, and the solution was decanted into an acetylation vial at 
room temperature. The organic layer was washed three times with water and then the solvent was 
removed. The solids were washed three times with pentane, and then recrystallized twice by 
layering pentane on top of a concentrated solution of 7 in dichloromethane. The solvents were 
decanted off and the crystalline material was dried under high vacuum, yielding 16 mg of 7 
(31%). Alternatively, 9 (56 mg, 0.072 mmol) was treated with HBF4·OEt2 (10 μL, 0.073 mmol) 
and stirred for 30 minutes in dichloromethane. A 68 mg portion of Na[B(Ar
F
)4] (0.077 mmol) 
was added, and the mixture was stirred for an additional 30 minutes before being filtered. The 
solvent was reduced to minimal volume, and the product recrystallized by slowly adding the 
solution to rapidly stirring pentane chilled to -78 °C. The product was collected by filtration and 
dried under vacuum (93 mg, 79%). Yellow crystals suitable for X-ray diffraction were obtained 
by layering pentane on top of a concentrated solution of 7 in dichloromethane. Using Olex2,
57
 
the structure was solved with the olex2.solve structure solution program using charge flipping 
and refined with the XL refinement package using least squares minimisation.
58
 Crystal data for 
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C62H39BClF30IrN2O (M =1636.41): monoclinic, space group P21/n (no. 14), a = 13.1858(3) Å, 
b = 20.1500(5) Å, c = 24.1403(6) Å, β = 100.1810(10)°, V = 6312.9(3) Å3, Z = 4, T = 100 K, 
μ(CuKα) = 5.694 mm-1, Dcalc = 1.722 g/mm3, 64683 reflections measured (3.72 ≤ 2Θ ≤ 140.22), 
11930 unique (Rint = 0.0407) which were used in all calculations. The final R1 was 0.0283 (I > 
2σ(I)) and wR2 was 0.0695 (all data), with a goodness-of-fit on F
2
 = 1.036. Anal. Calcd. (found) 
for C62H39N2BF30IrOCl: C, 45.51 (45.21); H, 2.40 (2.20); N, 1.71 (1.71). 
1
H NMR (600 MHz, 
CD2Cl2) δ 12.06 (s, 1H), 8.80 (d, J = 6.0, 1H), 8.12 (d, J = 4.2, 2H), 7.97 (s, 1H), 7.85 (dd, J = 
7.8 and 1.8, 1H), 7.72 (s, 8H), 7.60 (overlapping triplets, J ≈ 5, 2H), 7.56 (s, 4H), 7.56 
(overlapping d, 1H), 7.40 (td, J = 7.8 and 1.2, 1H), 7.33 (td, J = 7.8 and 1.2, 1H), 6.57 (dd, J = 
7.8 and 0.6, 1H), 1.33 (s, 15H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) δ 171.0, 162.1 (1:1:1:1 
quartet, JC-B = 50), 154.9, 154.4, 142.9, 141.7, 135.1, 132.8, 132.6 (q, 2 bond JC-F = 35), 132.0, 
131.8, 131.7, 130.0, 129.4, 129.2 (q, 2 bond JC-F = 32), 127.0, 126.3 (pseudo t, 3 bond JC-F = 3), 
125.1, 125.0 (q, 1 bond JC-F = 272), 124.9, 122.6 (q, 1 bond JC-F = 272), 117.8 (pseudo t, 3 bond 
JC-F = 4), 90.2, 8.4. 
 Synthesis of 3,5-bis(trifluoromethyl)-N-(2-(2-pyridyl)phenyl)benzamide (8). A 2 
dram acetylation vial was charged with 200 mg 2-(2-pyridyl)aniline (1.18 mmol), 124 mg NEt3 
(1.23 mmol), 4 mL dry dichloromethane, and capped with a septum. After stirring for 10 
minutes, the reaction was stirred for an additional 10 minutes as the solution was cooled to 0 °C. 
A 321 mg aliquot of 3,5-bis(trifluoromethyl)benzoyl chloride (1.16 mmol) was injected via 
syringe, and the reaction was stirred overnight as the ice bath melted. The next day, 10 mL of 
dichloromethane was added, and the solution was washed once with water and two times with 1 
M aqueous NaOH. The organic layer was dried with MgSO4 and filtered, and the solvent was 
removed under reduced pressure. The crude product was chromatographed on silica gel using 
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ethyl acetate/hexane (15:85 v:v, Rf = 0.28), and 414 mg of a white solid was isolated (87%). 
Anal. Calcd. (found) for C20H12N2F6O: C, 58.54 (58.80); H, 2.95 (3.02); N, 6.83 (6.72). 
1
H NMR 
(500 MHz, CD2Cl2) δ 14.01 (s, N-H, 1H), 8.80 (d, J = 8.0, 1H), 8.69 (d, J = 5.0, 1H), 8.56 (s, 
2H), 8.09 (s, 1H), 7.93 (m, 2H), 7.86 (dd, J = 8.0 and 1.0, 1H), 7.51 (td, J = 7.5 and 1.0, 1H), 
7.38 (td, J = 5.0 and 3.0, 1H), 7.28 (t, J = 7.5, 1H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) δ 162.3, 
158.2, 147.4, 138.6, 138.2, 132.3 (q, 2 bond JC-F = 33), 130.7, 129.1, 128.2, 128.1, 125.3, 125.2, 
124.5, 123.6 (q, 1 bond JC-F = 271), 123.3, 122.8, 121.8. 
 Synthesis of Ir(Cp*)((3,5-bis(trifluoromethyl)benzoyl)(2-(2-pyridyl)phenyl)amide)Cl 
(9). A mixture of 150 mg NaH (6.25 mmol), 450 mg proligand 8 (1.10 mmol), and 30 mL of 
THF were stirred for 1.5 hours and then filtered by cannula onto 400 mg [Ir(Cp*)(Cl)2]2 (0.50 
mmol). The iridium dimer had been dried by heating at 50 °C under high vacuum the previous 
night. After stirring the mixture for 24 hours, the mixture was filtered by cannula and the solvent 
was removed under reduced pressure. The solid was redissolved in minimal dichloromethane and 
loaded onto a short (10 cm) silica gel column. Residual ligand was eluted first with 
dichloromethane, and then the metal species was eluted with mixtures of 
acetone/dichloromethane (1:3 v:v, then 1:2 v:v). It was necessary to include NEt3 (1%) in the 
eluent, since the metal species was basic and spread extensively as it travelled down the silica 
column. The product fractions were selected by their yellow solution color, and the solvent was 
removed. The solids were placed under high vacuum for 1.5 hrs, and 515 mg of a yellow solid 
was isolated (66%). Anal. Calcd. (found) for C30H26N2F6IrOCl: C, 46.66 (46.80); H, 3.39 (3.38); 
N, 3.63 (3.69). 
1
H NMR (400 MHz, CD2Cl2) δ 8.95 (d, J = 6.0, 1H), 7.92 (m, 2H), 7.81 (s, 2H), 
7.67 (s, 1H), 7.56 (dd, J = 8.0 and 1.6, 1H), 7.34 (td, J = 6.0 and 3.2, 1H), 7.05 (td, J = 7.6 and 
1.2, 1H), 6.93 (td, J = 7.6 and 1.2, 1H), 6.51 (d, J = 8.0, 1H), 1.41 (s, 15H). 
13
C{
1
H} NMR (150 
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MHz, CD2Cl2) δ 170.8, 156.0, 155.6, 150.4, 142.7, 139.1, 131.7, 130.7, 130.6 (q, 2 bond JC-F = 
33), 130.4, 130.3, 128.6, 124.4, 123.7 (q, 1 bond JC-F = 271), 122.6, 122.5 (pseudo t, 3 bond JC-F 
= 4), 122.4, 86.5, 8.7. 
 Synthesis of [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(NCAr
F
)][B(Ar
F
)4] (Int, 10). Complex 9 (150 mg, 0.19 mmol), 184 mg 
Na[B(Ar
F
)4] (0.21 mmol), NCAr
F
 (3,5-bis(trifluoromethyl)benzonitrile, 35 μL, 0.21 mmol), and 
20 mL of dichloromethane were stirred for 3 hours, at which point the mixture was filtered by 
cannula. The solvent was reduced to a minimal volume and the concentrated solution was added 
slowly to chilled, rapidly stirring pentane (20 mL). The solid was isolated by cannula filtration 
and then heated at 30 °C under high vacuum for three days, yielding 283 mg of a yellow powder 
(79%). Anal. Calcd. (found) for C71H41N3BF36IrO: C, 46.37 (46.53); H, 2.25 (2.22); N, 2.28 
(2.20). 
1
H NMR (600 MHz, CD2Cl2, 5 °C) δ 8.70 (d, J = 6.0, 1H), 8.20 (s, 2H), 8.15 (s, 1H), 8.11 
(d, J = 7.8, 1H), 8.05 (t, J = 7.8, 1H), 7.76 (s, 3H), 7.72 (s, 8H), 7.63 (d, J = 7.2, 1H), 7.54 (s, 
4H), 7.45 (t, J = 6.6, 1H), 7.15 (t, J = 7.2, 1H), 7.09 (t, J = 7.2, 1H), 6.55 (d, J = 7.8, 1H), 1.48 (s, 
15H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2, 5 °C, one carbon merged with others) δ 169.8, 162.9 
(1:1:1:1 quartet, JC-B = 50), 156.1, 153.9, 147.1, 141.2, 139.7, 135.0, 134.2, 133.4 (q, 2 bond JC-F 
= 35), 131.5, 131.1, 131.0 (q, 2 bond JC-F = 33), 130.5, 130.4, 129.0 (q, 2 bond JC-F = 29), 128.5, 
126.3, 124.8 (q, 1 bond JC-F = 272), 125.2, 124.7, 123.5 (pseudo t, 3 bond JC-F = 4), 123.2 (q, 1 
bond JC-F = 272), 122.0 (q, 1 bond JC-F = 272), 117.9, 117.7 (pseudo t, 3 bond JC-F = 4), 112.1, 
90.8, 8.6. 
 Synthesis of [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(NCAr
Me
)][B(Ar
F
)4] (Int-NCAr
Me
, 11). Complex 9 (100 mg, 0.13 
mmol), 127 mg Na[B(Ar
F
)4] (0.14 mmol), NCAr
Me
 (p-tolunitrile, 17 μL, 0.14 mmol), and 20 mL 
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of dichloromethane were stirred for 2 hours, at which point the mixture was filtered by cannula. 
The solvent was reduced to a minimal volume and the concentrated solution was added slowly to 
chilled, rapidly stirring pentane (20 mL). The solid was isolated by cannula filtration and then 
heated at 40 °C under high vacuum overnight, yielding 148 mg product (67%). When 10 mg 11 
(0.006 mmol) and 14 mg sPhIO (0.041 mmol) were mixed at -20 °C in dichloromethane-d2, the 
OC was observed in 53% yield after 45 minutes by 
1
H NMR spectroscopy. Anal. Calcd. (found) 
for C70H45N3BF30IrO: C, 48.96 (48.69); H, 2.64 (2.63); N, 2.45 (2.28). 
1
H NMR (500 MHz, 
CD2Cl2) δ 8.72 (dd, J = 5.5 and 0.5, 1H), 8.11 (d, J = 7.5, 1H), 8.06 (td, J = 7.5 and 1.5, 1H), 
7.75 (s, 3H), 7.73 (s, 8H), 7.62 (dd, J = 6.0 and 1.5, 1H), 7.56 (s, 4H), 7.53 (d, J = 8.0, 2H), 7.46 
(td, J = 7.0 and 1.5, 1H), 7.27 (d, J = 8.0, 2H), 7.12 (td, J = 8.0 and 1.5, 1H), 7.06 (td, J = 7.5 and 
1.5, 1H), 6.50 (dd, J = 7.5 and 1.0, 1H), 2.38 (s, 3H), 1.49 (s, 15H). 
13
C{
1
H} NMR (150 MHz, 
CD2Cl2) δ 170.2, 162.1 (1:1:1:1 quartet, JC-B = 50), 156.4, 153.9, 147.8, 147.6, 141.1, 140.7, 
135.2, 133.6, 131.3, 131.2 (q, 2 bond JC-F = 33), 131.1, 130.9, 130.7, 130.3, 129.3 (q, 2 bond JC-F 
= 31), 128.7, 126.1, 125.0, 124.9 (q, 1 bond JC-F = 270), 124.4, 123.4 (q, 1 bond JC-F = 272), 
123.3 (pseudo t, 3 bond JC-F = 4), 121.6, 117.8 (pseudo t, 3 bond JC-F = 4), 106.0, 90.3, 22.2, 8.7. 
 Synthesis of [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(OPy)][B(Ar
F
)4] (Int-OPy, 12). Complex 9 (90 mg, 0.12 mmol), 114 
mg Na[B(Ar
F
)4] (0.13 mmol), OPy (pyridine-N-oxide, 0.13 mmol), and 20 mL of 
dichloromethane were stirred for 2 hours, at which point the mixture was filtered by cannula. 
The solvent was reduced to a minimal volume and the concentrated solution was added slowly to 
chilled, rapidly stirring pentane (20 mL). The solid was isolated by cannula filtration and then 
dried under high vacuum overnight, yielding 150 mg red product (76%). Complex 12 was 
unstable in solution at room temperature after several hours. When 10 mg 12 (0.006 mmol) and 
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18 mg sPhIO (0.053 mmol) were mixed at -30 °C in dichloromethane-d2, the OC was observed 
in 98% yield after 25 minutes by 
1
H NMR spectroscopy. Anal. Calcd. (found) for 
C67H43N3BF30IrO2: C, 47.47 (47.18); H, 2.56 (2.49); N, 2.48 (2.29). 
1
H NMR (500 MHz, 
CD2Cl2, -40 °C) δ 8.90 (d, J = 5.0, 1H), 8.07 (d, J = 7.5, 1H), 8.03 (t, J = 7.5, 1H), 7.74-7.70 (m, 
5H), 7.71 (s, 8H), 7.54-7.52 (m, 2H), 7.53 (s, 4H), 7.34 (t, J = 7.5, 1H), 7.11 (t, J = 7.0, 2H), 6.99 
(t, J = 7.0, 1H), 6.94 (t, J = 7.5, 1H), 6.32 (d, J = 7.5, 1H), 1.26 (s, 15H). 
13
C{
1
H} NMR (125 
MHz, CD2Cl2, -40 °C, one carbon merged with others) δ 169.4, 161.6 (1:1:1:1 quartet, JC-B = 
50), 155.2, 153.5, 146.6, 141.6, 140.4, 139.6, 138.3, 135.2, 134.5, 130.8, 130.6, 129.6, 129.3, 
128.6 (q, 2 bond JC-F = 31), 125.9, 125.5, 124.3 (q, 1 bond JC-F = 271), 123.9, 123.5, 122.9, 122.8 
(q, 1 bond JC-F = 271), 117.4, 86.2, 8.3. 
 Synthesis of [Ir(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(PPh3)][B(Ar
F
)4] (13). Complex 9 (57 mg, 0.074 mmol), 72 mg 
Na[B(Ar
F
)4] (0.081 mmol), 21 mg triphenylphosphine (PPh3, 0.080 mmol), and 20 mL of 
dichloromethane were stirred for 2 hours, at which point the mixture was filtered by cannula. 
The solvent was reduced to a minimal volume and the concentrated solution was added slowly to 
chilled, rapidly stirring pentane (20 mL). The solid was isolated by cannula filtration and then 
dried under high vacuum overnight, yielding 98 mg yellow product (71%). Yellow crystals 
suitable for X-ray diffraction were grown by layering pentane on top of a concentrated solution 
of 13 in dichloromethane. Using Olex2,
57
 the structure was solved with the XS structure solution 
program using the Patterson method and refined with the ShelXL refinement package using least 
squares minimisation.
58
 Crystal data for C80H53BF30IrN2OP (M =1862.51): triclinic, space group 
P-1 (no. 2), a = 12.7575(2) Å, b = 15.9555(2) Å, c = 37.5887(5) Å, α = 85.0951(7)°, β = 
84.2762(7)°, γ = 81.0887(7)°, V = 7502.10(18) Å3, Z = 4, T = 100 K, μ(CuKα) = 4.753 mm-1, 
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Dcalc = 1.649 g/mm
3
, 288052 reflections measured (2.368 ≤ 2Θ ≤ 140.36), 27692 unique (Rint = 
0.0395, Rsigma = 0.0191) which were used in all calculations. The final R1 was 0.0283 (I > 2σ(I)) 
and wR2 was 0.0680 (all data), with a goodness-of-fit on F
2
 = 1.054. Anal. Calcd. (found) for 
C80H53N2BF30IrOP: C, 51.60 (51.77); H, 2.87 (2.64); N, 1.50 (1.42). 
1
H NMR (600 MHz, 
CD2Cl2) δ 8.21 (d, J = 7.8, 1H), 8.16 (d, J = 8.4, 2H), 7.96 (t, J = 7.2, 1H), 7.86 (d, J = 5.4, 1H), 
7.72 (overlapping singlets, 10H), 7.63 (m, 2H), 7.59 (s, 1H), 7.56 (s, 4H), 7.57-7.52 (m, 4H), 
7.46 (d, J = 7.8, 1H), 7.15 (t, J = 8.4, 2H), 7.06 (t, J = 7.2, 1H), 6.97 (t, J = 7.2, 1H), 6.77-6.74 
(m, 3H), 6.60 (t, J = 6.0, 1H), 6.35 (d, J = 7.8, 1H), 5.98 (t, J = 9.0, 2H), 1.31 (s, 15H). 
13
C{
1
H} 
NMR (150 MHz, CD2Cl2, one carbon merged with others) δ 171.3 (JC-P = 2), 162.1 (1:1:1:1 
quartet, JC-B = 50), 158.1, 156.2 (JC-P = 3), 146.9, 141.0, 138.3, 137.5 (JC-P = 11), 135.1, 134.0 
(JC-P = 9), 132.9 (JC-P = 9), 132.7 (JC-P = 3), 132.4, 132.2 (JC-P = 2), 131.9, 130.7, 130.5 (JC-P = 
2), 130.3, 129.8 (JC-P = 10), 129.8 (q, 2 bond JC-F = 35), 129.7, 129.2 (q, 2 bond JC-F = 34), 128.9 
(JC-P = 11), 128.2 (JC-P = 10), 127.0, 126.6, 125.5, 124.9 (q, 1 bond JC-F = 271), 124.9, 124.3, 
123.4 (q, 1 bond JC-F = 271), 123.0 (septet, 3 bond JC-F = 4), 117.8 (septet, 3 bond JC-F = 4), 90.5 
(JC-P = 2), 9.8. 
Supporting Information Available 
 Data for kinetic studies, in addition to NMR spectra of the oxidized complex, the 
intermediate, new compounds, and the reaction of the oxidized complex and PPh3 are included in 
Appendix E.  
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CHAPTER 6: A HALF-SANDWICH RH(CP*) COMPLEX WITH A COORDINATED 
IODOSYLARYL OXYGEN ATOM TRANSFER REAGENT
1
 
 
Introduction 
 
 After investigating the oxygen atom transfer reaction to an iridium(Cp*) complex with a 
bidentate pyridyl-benzamide ligand, it was desirable to synthesize a rhodium analog with a 
matching ligand framework. Oxidation of a Rh(Cp*) complex with the same bidentate pyridyl-
benzamide ligand would allow for a comparison between the oxidation chemistry of rhodium 
and iridium, and may also provide valuable insights into the structural identity of the iridium OC 
discussed in the previous chapter. 
Results and Discussion 
 Synthesis. Compound 1, Rh(Cp*)[(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide]Cl, was synthesized from [Rh(Cp*)Cl2]2 and the proligand 3,5-
bis(trifluoromethyl)-N-(2-(2-pyridyl)phenyl)benzamide by following a procedure described for 
metalation of the same proligand with [Ir(Cp*)Cl2]2.
1
 Deprotonation of the proligand by the 
insoluble NaH base, followed by filtration of the THF solution onto solid [Rh(Cp*)Cl2]2, yielded 
complex 1 after stirring overnight (Figure 6.1). The product was stable to both air and water.  
                                                          
1
 This chapter is an excerpt from an accepted article in The Journal of Organometallic 
Chemistry. The citation is as follows: Turlington, C. R.; White, P. S.; Brookhart, M.; Templeton, 
J. L. J. Organomet. Chem. 2015, http://dx.doi.org/10.1016/j.jorganchem.2015.02.007. 
Figure 6.1. Synthesis of Rh(Cp*) compound 1. 
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 A Rh(Cp*) complex with a coordinated iodosylbenzene derivative. Abstraction of the 
chloride from the Rh(Cp*) compound 1 was accomplished with Na[B(Ar
F
)4] in the presence of 
2-tert-butylsulfonyliodosylbenzene (sPhIO, Figure 6.2).
2-4
 The sPhIO-Rh adduct (2) was 
transiently stable in solution at room temperature, and 
1
H NMR spectroscopy confirmed that 
sPhIO had coordinated to rhodium. The aromatic region of the spectrum of 2 revealed the 11 
resonances expected for the pyridyl-benzamide ligand, and four additional resonances were 
identified (2 doublets, 2 triplets) belonging to the sPhIO ligand. A nine-proton 
t
Bu resonance 
singlet appeared at 1.30 ppm, a chemical shift which is upfield of the 
t
Bu resonances for both 
non-coordinated sPhIO and sPhI (1.40 ppm and 1.38 ppm, respectively). An upfield shift of the 
t
Bu resonance was also observed for coordinated sPhIO in a sPhIO-Rh(Cp*) compound.
5
 
Additionally, the 
13
C NMR spectrum of 2 revealed that the carbon bonded to iodine of 
coordinated sPhIO resonated at 121.4 ppm, about 4 ppm below the parallel carbon resonance of 
sPhIO (117.9) and far below sPhI (94.6).
2
 This downfield shift is a clear indication that iodine is 
bound to oxygen,
2
 and confirms that sPhIO is indeed coordinated to rhodium. Samples of the 
sPhIO-Rh adduct 2 were found to be analytically pure by elemental analysis. Compound 2 is a 
rare example of a metal compound with a coordinated iodosylarene derivative.
6 
 When chloride abstraction was monitored in situ at 0 °C by 
1
H NMR spectroscopy, 
compound 1 reacted immediately, but an intermediate species distinct from 2 was observed 
(compound 3, Scheme 4). The intermediate species 3 converted to the sPhIO-Rh compound 2 
over several minutes. The NMR spectrum indicated that some sPhIO was not coordinated to 
Figure 6.2. Synthesis of a Rh(Cp*) 
complex with a coordinated 
iodosylbenzene derivative. 
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rhodium when intermediate 3 was in solution. We postulated that chloride abstraction slowed at 
lower temperatures, and that chloride-bridged rhodium dimers could form transiently. To test this 
hypothesis, compound 1 was treated with one-half an equivalent of Na[B(Ar
F
)4] at room 
temperature. The species identified by 
1
H NMR spectroscopy was the same as the intermediate 
species observed at 0 °C, confirming the assignment of compound 3 as a chloride-bridged 
dinuclear rhodium species (Scheme 5). Independently synthesized dinuclear compound 3 reacted 
with sPhIO to form a 1:1 mixture of compounds 1 and 2 (identified by 
1
H NMR spectroscopy).  
 Upon standing at 23 °C in anhydrous solution, sPhIO-rhodium adduct 2 converted to a 
different species over 24 hours (91% overall yield, as determined by 
1
H NMR spectroscopy). 
Conversion to the new rhodium species was concomitant with the appearance of sPhI in the 
1
H 
NMR spectra, indicating that product formation was contingent on oxygen atom transfer (Figure 
6.5). The new species was determined to be the solvent-stabilized, unsaturated [Rh(Cp*)(κ2-
pyridyl-benzamide)] cation (4), and this assignment was verified in a separate reaction by adding 
compound 1 and one equivalent of Na[B(Ar
F
)4] to dichloromethane-d2 under strictly anhydrous 
conditions (Figure 6.5). The 
1
H NMR spectra of the two species formed from compounds 1 and 2 
were essentially identical. Coordination of sPhI was ruled out by mixing compound 1, 
Na[B(Ar
F
)4], and sPhI in anhydrous dichloromethane-d2. The presence of sPhI did not change the 
Figure 6.3. Chloride abstraction from 1 at 0 °C. 
Figure 6.4. In situ synthesis of dimer 3. 
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chemical shifts of the rhodium complex 4 in solution. Solvent-stabilized, 16-electron Rh(Cp*) 
cations have been reported with different bidentate ligands.
5 
 The net result of oxygen atom transfer is not known since the final destination of the 
oxygen atom that was transferred away from sPhIO could not be ascertained. At least two 
explanations could account for oxygen atom transfer without oxygen atom incorporation into the 
rhodium product. One explanation is that a small fraction (<10%) of the sPhIO-Rh adduct 2 
begins to decompose upon oxygen atom transfer to the metal (Cp* ligand oxidation is well-
known for Ir(Cp*) compounds).
7
 If decomposition products of rhodium are susceptible to further 
oxidation, dissociation of sPhIO from 2 and oxidation of the compromised rhodium species is 
possible. A small fraction of the rhodium in solution, therefore, could be oxidized by multiple 
equivalents of the sPhIO reagent. One would expect to see roughly a 1:1 ratio of complex 4 to 
sPhI at the end of the reaction. Another possible explanation arises from the known 
disproportionation reaction of iodosylbenzene reagents. It is thermodynamically favorable for 
two equivalents of sPhIO to disproportionate into one equivalent each of sPhI (2-tert-
butylsulfonyliodobenzene) and the sparingly soluble sPhIO2 (2-tert-
butylsulfonyliodoxybenzene).
2
 Disproportionation, followed by precipitation of half an 
equivalent of sPhIO2, could account for the lack of oxygen atom incorporation into the rhodium 
product 4. In this situation, one would expect to see only one-half an equivalent of sPhI relative 
Figure 6.5. Reaction of compound 2 
(top) and in situ chloride abstraction 
from 1 (bottom) yield the solvent-
stabilized complex 4. 
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to 4. We favor the first explanation, as a full equivalent of sPhI is generated during conversion to 
the unsaturated, 16-electron rhodium cation 4. The presence of sPhIO2 was not discerned by 
1
H 
NMR spectroscopy, and no precipitate was evident during the reaction. 
 The unsaturated, 16-electron rhodium complex 4 was readily trapped by adding water to 
form the aqua adduct, [Rh(Cp*)(κ2-pyridyl-benzamide)(OH2)]
+
 (compound 5, Figure 6.6). X-ray 
analysis on a crystal suitable for diffraction confirmed the identity of the final product, and the 
structure of the cation is shown in Figure 6.7. Notably, the benzamide oxygen atom forms a 
hydrogen bond to one of the hydrogens of the coordinated water (1.66 Å). The hydrogens on the 
water were located from the electron difference map and the positions refined isotropically. The 
benzamide C-O bond distance (1.27 Å) and C-N bond distance (1.32 Å) were typical values 
expected for amide bonds. Importantly, the 
1
H NMR spectrum of the isolated crystals was the 
Figure 6.6. Addition of water to 
compound 4 yields complex 5. 
Figure 6.7. ORTEP drawing of 5, with 
partial numbering scheme (50% 
probability thermal ellipsoids). The 
anion and hydrogen atoms (except for 
the aqua hydrogen atoms) have been 
omitted for clarity. Selected bond 
lengths (Å): Rh1 – O1 2.1914(14), Rh1 
– N1 2.1108(16), Rh1 – N2 2.1007(16), 
O2 – C12 1.268(2), N2 – C12 1.324(3), 
O2 
…
 H1B 1.66(3). 
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same as the 
1
H NMR spectrum of the rhodium compound formed upon addition of water, 
ensuring that the final species in this reaction cascade was indeed the aqua adduct 5. 
 The overall reaction scheme, starting from chloride abstraction from rhodium compound 
1, is shown in Figure 6.8. The unsaturated, 16-electron [Rh(Cp*)(κ2-pyridyl-benzamide)]+ 
compound 4 is not observed if the conversion of the sPhIO-Rh adduct 2 is allowed to occur in 
solvent that has not been rigorously dried. In this case, growth of the diagnostic signals for sPhI 
in the 
1
H NMR spectra is observed concomitantly both with the growth of diagnostic signals of 
the aqua adduct 5 and with the disappearance of resonances for the sPhIO adduct 2 over 24 
hours. The sPhIO reagent, therefore, is a stronger ligand than water. At low water concentrations, 
compounds 4 and 5 were found to be in rapid equilibrium by 
1
H NMR spectroscopy. A terminal 
rhodium-oxo complex was not observed at any point in the reaction sequence.  
Conclusions 
 A Rh(Cp*) complex with a pyridyl-benzamide bidentate ligand bearing a coordinated 
sPhIO oxygen atom transfer reagent (2) was isolated in the solid state. In anhydrous solution, the 
compound converted to a solvent-stabilized, 16-electron complex (4) as sPhIO dissociated and 
reacted. It is believed that a small fraction of the Rh(Cp*) complex 2 in solution decomposed 
Figure 6.8. Overall reaction of rhodium compound 1, initiated by chloride abstraction in the 
presence of sPhIO. 
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(Cp* ligand oxidation) and consumed multiple equivalents of the sPhIO oxidant. The reduced 
oxidant, sPhI, did not coordinate to the 16-electron complex, but water readily trapped the 
unsaturated compound and formed an isolable adduct (5). That sPhIO does not transfer an 
oxygen atom to rhodium demonstrates that rhodium is more difficult to oxidize than iridium. 
Experimental 
 Materials and methods.  All reactions were performed under an atmosphere of dry 
argon using standard Schlenk and drybox techniques, unless noted otherwise. Argon was purified 
by passage through columns of BASF R3-11 catalyst and 4 Å molecular sieves. Methylene 
chloride, hexane, and pentane were purified under an argon atmosphere and distilled over 
calcium hydride. All other chemicals were used as received without further purification. 
1
H and 
13
C NMR spectra were recorded on Bruker AVANCEIII400, AVANCEIII500, and 
AVANCEIII600 spectrometers. 
1
H NMR and 
13
C NMR chemical shifts were referenced to 
residual 
1
H and 
13
C signals of the deuterated solvents. Yields of NMR reactions were determined 
using the resonances of the [B(Ar
F
)4] anion as an internal standard. X-ray diffraction studies 
were conducted on a Bruker-AXS SMART APEX-II diffractometer. Crystals were selected and 
mounted using a paratone oil on a MiteGen mylar tip. Elemental analyses were performed by 
Robertson Microlit Laboratories of Madison, NJ. CAUTION: An explosion hazard has been 
reported using the initially published procedure for preparation of the oxygen atom transfer 
reagent 2-tert-butylsulfonyliodosylbenzene (sPhIO).
2-3
 In this work we have used a recent 
procedure published by Lin.
4
  
 Synthesis of Rh(Cp*)[(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide]Cl (1). A mixture of 130 mg NaH (5.4 mmol), 415 mg proligand 3,5-
bis(trifluoromethyl)-N-(2-(2-pyridyl)phenyl)benzamide (1.0 mmol), and 25 mL of THF were 
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stirred for 1.5 hours and then filtered by cannula onto 300 mg [Rh(Cp*)(Cl)2]2 (0.49 mmol). The 
rhodium dimer had been dried by heating at 40 °C under high vacuum the previous night. After 
stirring the reaction mixture overnight, dichloromethane was added until the colored solids 
dissolved. The mixture was filtered by cannula and the solvent was removed under reduced 
pressure. The solid was redissolved in minimal dichloromethane and slowly added to chilled (-78 
°C), rapidly stirring pentane (35 mL). The mixture was filtered via cannula, and the solid was 
placed under high vacuum overnight while heating at 40 °C. An orange powder was isolated 
(542 mg, 81%). Anal. Calcd. (found) for C30H26N2F6RhOCl: C, 52.76 (52.63); H, 3.84 (3.78); N, 
4.10 (3.98). 
1
H NMR (600 MHz, CD2Cl2) δ 9.01 (d, J = 4.8, 1H), 7.93 (td, J = 7.8 and 1.2, 1H), 
7.85 (d, J = 7.8, 1H), 7.79 (s, 2H), 7.66 (s, 1H), 7.58 (dd, J = 7.8 and 1.2, 1H), 7.40 (td, J = 6.6 
and 1.2, 1H), 7.07 (td, J = 7.8 and 1.2, 1H), 6.97 (t, J = 7.2, 1H), 6.60 (d, J = 7.8, 1H), 1.43 (s, 
15H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) δ 171.3, 156.8, 155.1, 149.9, 142.5, 138.9, 131.8, 
130.9, 130.6, 130.5 (q, 2 bond JC-F = 33), 130.3, 128.9, 123.9, 123.8 (q, 1 bond JC-F = 272), 
123.1, 122.4 (septet, 3 bond JC-F = 3), 122.0, 94.6 (d, JC-Rh = 8), 8.7. 
 Synthesis of [Rh(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(sPhIO)][B(Ar
F
)4] (2). A 100 mL Schlenk flask was charged with 200 
mg compound 1 (0.29 mmol), 280 mg Na[B(Ar
F
)4] (0.32 mmol), 108 mg sPhIO (0.32 mmol), 
and 20 mL dichloromethane. The reaction was stirred for 1 hour at 0 °C and then filtered via 
cannula. The solvent of the filtrate was reduced to a minimal volume and then added slowly to 
25 mL of chilled (-78 °C), rapidly stirring pentane (30 mL). The mixture was filtered and the 
solid was placed under high vacuum for 1 hr. Product 2 was isolated as an orange solid (380 mg, 
70%). Anal. Calcd. (found) for C72H51BF30IN2O4RhS: C, 46.72 (46.98); H, 2.78 (2.98); N, 1.51 
(1.45). 
1
H NMR (500 MHz, CD2Cl2, 10 °C) δ 8.92 (d, J = 5.5, 1H), 8.14 (d, J = 8.5, 1H), 8.03 (t, 
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J = 7.0, 1H), 8.00 (t, J = 7.5, 1H), 7.95 (d, J = 7.5, 1H), 7.88 (d, J = 8.0, 1H), 7.80 (s, 1H), 7.72 
(s, 8H), 7.72 (overlapping triplet, 1H), 7.66 (s, 2H), 7.63 (m, 1H), 7.55 (s, 4H), 7.50 (t, J = 6.5, 
1H), 7.16 (m, 2H), 6.58 (m, 1H), 1.33 (s, 15H), 1.30 (s, 9H). 
13
C{
1
H} NMR (125 MHz, CD2Cl2, 
-10 °C, one carbon merged to others) δ 171.9, 161.8 (1:1:1:1 quartet, JC-B = 50), 156.0, 152.1, 
145.0, 140.1, 135.9, 134.8, 133.6, 132.3, 131.2, 131.1, 130.9 (q, 2 bond JC-F = 33), 130.8, 130.6, 
129.6, 128.8 (q, 2 bond JC-F = 31), 128.1, 127.6, 125.2, 124.9, 124.5 (q, 1 bond JC-F = 270), 
124.3, 123.3 (septet, 3 bond JC-F = 3), 122.9 (q, 1 bond JC-F = 272), 121.4, 117.6 (septet, 3 bond 
JC-F = 4), 94.9 (d, JC-Rh = 8), 63.5, 22.9, 8.6.  
 In Situ Synthesis of [Rh2(Cp*)2{(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}2Cl][B(Ar
F
)4] (3). An NMR tube was charged with 6.5 mg of rhodium 
compound 1 (0.010 mmol), 4.2 mg Na[B(Ar
F
)4] (0.005 mmol, one-half equivalent), and 0.4 mL 
dichloromethane-d2. The NMR tube was shaken until the reagents dissolved, and the solution 
was analyzed by
 1
H NMR spectroscopy.
 1
H NMR (400 MHz, CD2Cl2) δ 8.89 (d, J = 5.2, 2H), 
7.99 (t, J = 7.6, 2H), 7.90 (d, J = 7.6, 2H), 7.72 (s, 8H), 7.72 (overlapping singlet, 2H) 7.61 (s, 
4H), 7.61 (overlapping multiplet, 2H), 7.56 (s, 4H), 7.44 (t, J = 6.0, 2H), 7.09 (m, 4H), 6.54 (m, 
2H), 1.36 (s, 30H). 
 In Situ Synthesis of [Rh(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(CD2Cl2)][B(Ar
F
)4]  (4). A screw-cap NMR tube was tightly sealed in a 
glovebox after adding 5 mg of rhodium compound 1 (0.007 mmol), 7 mg Na[B(Ar
F
)4] (0.008 
mmol), and 0.4 mL dichloromethane-d2. The NMR tube was shaken until the reagents dissolved, 
and the solution was allowed to sit for one hour before being analyzed by
 1
H and 
13
C NMR 
spectroscopy. Compound 4 could also be formed by dissolving compound 2 in dichloromethane-
d2 and allowing it to react for 24 hours at room temperature (91% conversion by 
1
H NMR 
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spectroscopy). 
1
H NMR (600 MHz, CD2Cl2) δ 9.06 (d, J = 5.4, 1H), 7.96 (td, J = 7.8 and 1.8, 
1H), 7.83 (s, 1H), 7.75 (d, J = 7.8, 1H), 7.72 (s, 8H), 7.72 (overlapping doublet, 1H), 7.66 (s, 
2H), 7.66 (overlapping doublet, 1H), 7.66 (overlapping triplet, 1H), 7.55 (s, 4H), 7.55 
(overlapping triplet, 1H), 7.41 (t, J = 8.4, 1H), 1.60 (s, 15H). 
13
C{
1
H} NMR (150 MHz, CD2Cl2) 
δ 178.7, 162.1 (1:1:1:1 quartet, JC-B = 50), 156.2, 153.8, 142.2, 141.0, 135.2, 132.7, 132.3, 132.2 
(q, 2 bond JC-F = 33), 130.8, 129.2 (q, 2 bond JC-F = 32), 128.4 (two overlapping singlets), 127.8, 
127.1, 126.9, 126.1, 125.5, 124.9 (q, 1 bond JC-F = 270), 122.9 (q, 1 bond JC-F = 270), 117.8 
(septet, 3 bond JC-F = 4.5), 95.2 (d, 2 JC-Rh = 7.5), 9.1. 
 Synthesis of [Rh(Cp*){(3,5-bis(trifluoromethyl)benzoyl)(2-(2-
pyridyl)phenyl)amide}(OH2)][B(Ar
F
)4] (5). Full conversion from compound 4 to compound 5 
could be accomplished by exposing a solution of compound 4 in dichloromethane to air for 24 
hours. The volume of the solution was then reduced to a minimal volume, and pentane was 
layered on top of the solution to initiate crystallization of compound 5. Red crystals suitable for 
X-ray diffraction were obtained. Using Olex2,
23
 the structure was solved with the olex2.solve 
structure solution program using charge flipping and refined with the ShelXL refinement 
package using least squares minimisation.
24
 Crystal Data for C67H52BF30N2O2Rh (M =1600.82): 
triclinic, space group P-1 (no. 2), a = 13.8704(4) Å, b = 16.6146(5) Å, c = 17.7823(5) Å, α = 
117.3448(15)°, β = 94.7820(14)°, γ = 107.4986(14)°, V = 3350.85(18) Å3, Z = 2, T = 100 K, 
μ(CuKα) = 3.241 mm-1, Dcalc = 1.587 g/mm3, 124912 reflections measured (5.796 ≤ 2Θ ≤ 
140.148), 12352 unique (Rint = 0.0375, Rsigma = 0.0184) which were used in all calculations. The 
final R1 was 0.0303 (I > 2σ(I)) and wR2 was 0.0769 (all data), with a goodness-of-fit on F
2
 = 
1.038. 
1
H NMR (600 MHz, CD2Cl2) δ 8.68 (d, J = 5.4, 1H), 8.13 (t, J = 7.8, 1H), 8.05 (d, J = 7.8, 
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1H), 7.79 (s, 1H), 7.72 (s, 8H), 7.68 (m, 1H), 7.63 (d, J = 6.0, 1H), 7.55 (s, 4H), 7.51 (s, 2H), 
7.25 (m, 2H), 6.67 (m, 1H), 1.82 (broad singlet, H2O), 1.42 (s, 15H). 
Supporting Information Available 
 NMR spectra of new compounds are included in Appendix F. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 1 
 
Representative NMR Spectra    
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Oxygen Measurements Data 
 
Amount of oxygen in the headspace as a function of time for reactions of DMDO and 1-NCAr
+
 
(6:1) at -40 °C in acetone. The black dashes correspond to a background reaction in the absence 
of iridium. Reactions A (blue triangles), B (purple diamonds), C (red dots), and D (green 
squares) all generate oxygen. 
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Spectra of Recovered Catalyst after Oxidation Reactions 
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Electrochemical Studies 
Solutions for aqueous experiments were prepared by first dissolving Ir(Cp*)(phpy)Cl (3) or [1-
OH2][B(Ar
F
)4] in 1-2 mL hot ethylene carbonate. After filtering, water (0.5 M NaClO4, 0.1 M 
phosphate buffer) at the appropriate pH was added until the total solution volume reached 3 mL. 
 
 
 
 
Cyclic voltammogram of [1-OH2][B(Ar
F
)4] in water/ethylene carbonate (2:1) at pH 2.4 (0.1 M 
phosphate buffer, 0.5 M NaClO4) at 100 mV s
−1
 with a glassy carbon working electrode (0.07 
cm
2
). 
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Differential pulse voltammogram of [1-OH2][B(Ar
F
)4] in water/ethylene carbonate (2:1) at pH 
2.4 (0.1 M phosphate buffer, 0.5 M NaClO4) with a glassy carbon working electrode. 
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Cyclic voltammogram of 3 in ethylene carbonate/water (2:1) at pH 7.0 (0.1 M phosphate buffer, 
0.5 M NaClO4) at 100 mV s
−1
 with a glassy carbon working electrode (0.07 cm
2
). 
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Differential pulse voltammogram of 3 in ethylene carbonate/water (2:1) at pH 7.0 (0.1 M 
phosphate buffer, 0.5 M NaClO4) with a glassy carbon working electrode. Significant 
background current obscured all oxidative waves except for the wave at 0.86 V. 
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Cyclic voltammogram (0.5 V to 1.2 V) of 3 in ethylene carbonate/water (2:1) at pH 7.0 (0.1 M 
phosphate buffer, 0.5 M NaClO4) at 500 mV s
−1
 with a glassy carbon working electrode (0.07 
cm
2
). The faster scan rate revealed that the first oxidation was not reversible. 
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Variable Temperature Spectra of [{Ir(Cp*)(phpy)H}2Ag][OTf] (2) 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 2 
 
NMR Spectra of New Compounds
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Catalyst Screening Reactions 
entry 1 (μmol) oxidant (equiv) phpy (equiv) additive (equiv) temp/time equiv phenola 
A 7 μmol sPhIO (2 equiv) 2 (equiv)  80 °C, 2 h trace 
B 2 sPhIO (15) 14  80 °C, 2 h not detected 
C 3 sPhIO (2) 10  23 °C, 3 h trace 
D 3 sPhIO (2) 10  80 °C, 3 h 0.25 equiv 
E 3 sPhIO (2) 10 Pivalic acid (10) 23 °C, 3 h 1.4 
F 3 sPhIO (2) 10 Pivalic acid (10) 80 °C, 3 h 2.4 
G 1 sPhIO (33) 32 Pivalic acid (30) 80 °C, 3 h not detected 
H 3 sPhIO (13) 13 Pivalic acid (10) 70 °C, 2 h ~ 1 
I 3 sPhIO (13) 13 Pivalic acid (5) 40 °C, 5 h 1.8 
J 3 sPhIO (13) 13 Pivalic acid (5) 23 °C, 22 h 2.3 
J’ No 1 sPhIO (13) 13 Pivalic acid (5) 23 °C, 21 h not detected 
K 3 Iodosylbenzene (14) 13 Pivalic acid (5) 80 °C, 3 h 2.9 
L 3 Iodosylbenzene (14) 13 Pivalic acid (5) 23 °C, 22 h 4.4 
L’ No 1 Iodosylbenzene (14) 13 Pivalic acid (5) 23 °C, 21 h not detected 
M
 
3 Iodosylbenzene (14) 13 Pivalic acid (19) 23 °C, 21 h 5.1 
N 3 Iodosylbenzene (14) 13 Acetic acid (57) 23 °C, 22 h 2.5 
O 3 Iodosylbenzene (14) 13 Acetic acid (57) 50 °C, 4 h 3.4 
P 3 H2O2 (14) 13 Pivalic acid (3) 23 °C, 4 h 3.1 
Q 3 H2O2 (56) 13 Pivalic acid (24) 23 °C, 6 h 4.3 
R 3 H2O2 (56) 13 Acetic acid (520) 23 °C, 6 h trace 
S 3 H2O2 (140) 39 Acetic acid (780) 23 °C, 6 h trace 
T
 
3 H2O2 (56) 13 Pivalic acid (5) 23 °C, 21 h 5.6 
T’ No 1 H2O2 (56) 13 Pivalic acid (5) 23 °C, 21 h not detected 
U
 
3 H2O2 (56) 13 Acetic acid (5) 23 °C, 21 h 5.4 
V 3 H2O2 (56) 13 Acetic acid (57) 23 °C, 21 h 4.2 
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Reaction conditions: Precatalyst 1, phpy, oxidant, carboxylic acid, and CD2Cl2 were stirred in 
a sealed acetylation vial. When sPhIO was used as the oxidant, the reaction was carried out in an 
NMR tube without stirring. Molar equivalents of oxidant, acid, and 2-(2-pyridyl)phenol are in 
relation to rhodium precatalyst 1. 
a
Determined by 
1
H NMR spectroscopy using 
hexamethyldisiloxane as an internal standard. 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 3 
 
NMR Spectra of New Compounds 
 
1
H NMR spectrum of 6 in dichloromethane-d2. 
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13
C{
1
H} NMR spectrum of 6 in dichloromethane-d2. 
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1
H NMR spectrum of 7 in dichloromethane-d2. 
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13
C{
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H} NMR spectrum of 7 in dichloromethane-d2. 
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 4 
 
NMR Spectra of New Compounds 
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NMR Spectra of Oxidized Complex and Intermediate 
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NMR Spectra of the Reaction of the Oxidized Complex and PPh3
  
 1
H
 N
M
R
 s
p
ec
tr
u
m
 o
f 
th
e 
re
ac
ti
o
n
 b
et
w
ee
n
 t
h
e 
O
C
 a
n
d
 P
P
h
3
 i
n
 d
ic
h
lo
ro
m
et
h
an
e-
d
2
. 
 
186 
 
 
  
E
x
p
an
si
o
n
 o
f 
th
e 
ar
o
m
at
ic
 r
eg
io
n
 o
f 
th
e 
1
H
 N
M
R
 s
p
ec
tr
u
m
 o
f 
th
e 
re
ac
ti
o
n
 b
et
w
ee
n
 t
h
e 
O
C
 a
n
d
 P
P
h
3
 i
n
 
d
ic
h
lo
ro
m
et
h
an
e-
d
2
. 
N
o
ti
ce
 t
h
at
 3
 e
q
u
iv
 o
f 
O
=
P
P
h
3
 w
er
e 
g
en
er
at
ed
 a
n
d
 t
h
at
 4
 e
q
u
iv
 o
f 
sP
h
I 
ar
e 
p
re
se
n
t.
 A
ls
o
 
n
o
ti
ce
 t
h
at
 t
h
e 
m
et
al
 p
ro
d
u
ct
 i
s 
th
e 
P
P
h
3
 a
d
d
u
ct
 1
3
. 
 
187 
 
Kinetic Studies - Substitution of NCAr
F
 in Compound 1 
1 + 6 equiv PPh3 [1]0 = 0.0063 M
time (minutes) seconds [Ir-PPh3]:[1] [1] (Molar) ln [1]
0 0 0.41 0.004468085 -5.41079535
3 180 0.5793 0.003989109 -5.524187356
6 360 0.872 0.003365385 -5.694213024
12 720 1.3313 0.002702355 -5.913631697
15 900 1.5913 0.002431212 -6.019365326
18 1080 1.9368 0.002145192 -6.144526199
21 1260 2.2558 0.001935008 -6.247643667
24 1440 2.7337 0.001687334 -6.384605345
27 1620 3.0687 0.001548406 -6.470529184
30 1800 3.5682 0.001379099 -6.5863249
33 1980 4.1182 0.001230901 -6.70000846
36 2160 4.7045 0.001104391 -6.808460983
42 2520 6.1531 0.000880737 -7.034751475
47 2820 7.1743 0.000770708 -7.168200732
52 3120 9.1964 0.000617865 -7.389240362
57 3420 10.7295 0.000537107 -7.529312682
y = -6.19E-04x - 5.46E+00
R² = 9.98E-01
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1 + 30 equiv NCCH3 [1]0 = 0.0063 M
time (minutes) seconds [1-NCCH3]:[1] [1] (Molar) ln [1]
0 0 1.319 0.002716688 -5.908341704
3 180 1.593 0.002429618 -6.020021152
6 360 1.8773 0.002189553 -6.124058
9 540 2.2168 0.001958468 -6.235592722
12 720 2.5533 0.001773 -6.335082395
15 900 2.9952 0.001576892 -6.452299286
18 1080 3.4782 0.001406815 -6.566426826
21 1260 3.9894 0.001262677 -6.674521308
24 1440 4.5578 0.001133542 -6.782407992
27 1620 5.1669 0.001021583 -6.886401926
30 1800 5.859 0.000918501 -6.992767304
y = -6.05E-04x - 5.91E+00
R² = 1.00E+00
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Kinetic Studies - Inhibition of Oxidation Reaction of 10 by NCAr
F 
 
10 + 6 sPhIO Sample 1 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 1.7168 0.002245289 -6.098921225
2 120 2.0118 0.002025367 -6.202004414
4 240 2.8755 0.00157399 -6.454141195
6 360 3.8452 0.001258978 -6.677455032
8 480 4.5205 0.001104972 -6.807934944
10 600 5.519 0.000935726 -6.974187498
12 720 6.2911 0.000836636 -7.086120934
14 840 6.8656 0.000775529 -7.161965329
16 960 8.014 0.000676725 -7.298245432
18 1080 11.0124 0.000507809 -7.585405957
20 1200 11.7524 0.000478341 -7.645185997
22 1320 13.4244 0.000422895 -7.768387725
24 1440 15.7229 0.000364769 -7.916245545
26 1560 18.1588 0.000318392 -8.052228648
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10 + 6 sPhIO Sample 2 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 0.6817 0.003627282 -5.619271694
2 120 1.1825 0.00279496 -5.879937517
4 240 1.7254 0.002238204 -6.102081714
6 360 2.3408 0.00182591 -6.305676807
8 480 2.9046 0.00156226 -6.461621853
10 600 4.0614 0.0012052 -6.721109633
12 720 4.4629 0.001116623 -6.797446292
14 840 5.8276 0.000893433 -7.020439729
16 960 6.9354 0.000768707 -7.17080027
18 1080 8.176 0.000664778 -7.316057888
20 1200 9.5277 0.000579424 -7.453476387
22 1320 11.5492 0.000486087 -7.629123426
24 1440 12.6248 0.000447713 -7.711358169
26 1560 14.2913 0.00039892 -7.826750547
28 1680 16.5819 0.000346948 -7.966336472
30 1800 15.7407 0.000364381 -7.917309388
32 1920 22.5474 0.000259052 -8.258481919
-8
-7.5
-7
-6.5
-6
-5.5
0 200 400 600 800 1000 1200 1400
ln
 [
1
0
]
Seconds
10 + 6 sPhIO
Series1
y = -1.78E-03x - 5.65E+00
R² = 9.95E-01
-7.5
-7
-6.5
-6
-5.5
-5
0 200 400 600 800
ln
 [
1
0
]
Seconds
10 + 6 sPhIO
Series1
Linear (Series1)
191 
 
10 + 6 sPhIO Sample 3 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 1.2249 0.002741696 -5.899178479
2 120 1.5926 0.00235285 -6.052127741
4 240 2.3947 0.001796919 -6.3216819
6 360 3.2008 0.001452104 -6.534741491
8 480 3.6674 0.001306937 -6.640068679
10 600 5.4453 0.000946426 -6.962817691
12 720 6.1704 0.00085072 -7.069427949
14 840 7.0896 0.000754055 -7.190045794
16 960 8.4887 0.00064287 -7.349568125
18 1080 11.7187 0.000479609 -7.642539859
20 1200 13.052 0.000434102 -7.742231242
22 1320 12.5639 0.000449723 -7.70687836
24 1440 13.9631 0.00040767 -7.805053678
26 1560 16.913 0.000340535 -7.984993214
28 1680 19.6707 0.000295104 -8.128183746
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10 + 6 sPhIO + 5 NCArF Sample 1 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [10] (Molar) ln [10]
0 0 1.06 0.003138835 -5.763903582
3 180 0.65 0.00240303 -6.031024712
6 360 0.43 0.001834266 -6.301111022
9 540 0.28 0.001334375 -6.619292262
12 720 0.22 0.0011 -6.812445099
15 900 0.15 0.000795652 -7.136348435
18 1080 0.12 0.000653571 -7.333058729
21 1260 0.09 0.00050367 -7.593589813
24 1440 0.08 0.000451852 -7.702156193
27 1620 0.06 0.000345283 -7.971146133
30 1800 0.06 0.000345283 -7.971146133
33 1980 0.05 0.000290476 -8.143988946
36 2160 0.04 0.000234615 -8.357563046
39 2340 0.03 0.00017767 -8.635583207
42 2520 0.03 0.00017767 -8.635583207
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10 + 6 sPhIO + 5 NCArF Sample 2 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [I] Molar ln [I]
0 0 0.74 0.002594253 -5.954456714
3 180 0.54 0.002138961 -6.147435064
6 360 0.36 0.001614706 -6.428602455
9 540 0.28 0.001334375 -6.619292262
12 720 0.19 0.00097395 -6.934151022
15 900 0.15 0.000795652 -7.136348435
18 1080 0.12 0.000653571 -7.333058729
21 1260 0.09 0.00050367 -7.593589813
24 1440 0.08 0.000451852 -7.702156193
27 1620 0.07 0.000399065 -7.826385193
30 1800 0.05 0.000290476 -8.143988946
33 1980 0.05 0.000290476 -8.143988946
36 2160 0.03 0.00017767 -8.635583207
39 2340 0.04 0.000234615 -8.357563046
42 2520 0.03 0.00017767 -8.635583207
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10 + 6 sPhIO + 5 NCArF Sample 3 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [10] (Molar) ln [10]
0 0 0.85 0.002802703 -5.877171076
3 180 0.54 0.002138961 -6.147435064
6 360 0.35 0.001581481 -6.449393225
9 540 0.25 0.00122 -6.70890442
12 720 0.19 0.00097395 -6.934151022
15 900 0.15 0.000795652 -7.136348435
18 1080 0.11 0.000604505 -7.411101436
21 1260 0.09 0.00050367 -7.593589813
24 1440 0.08 0.000451852 -7.702156193
27 1620 0.07 0.000399065 -7.826385193
30 1800 0.05 0.000290476 -8.143988946
33 1980 0.05 0.000290476 -8.143988946
36 2160 0.05 0.000290476 -8.143988946
39 2340 0.03 0.00017767 -8.635583207
42 2520 0.03 0.00017767 -8.635583207
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10 + 6 sPhIO + 15 NCArF Sample 1 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [10] (Molar) ln [10]
0 0 1.1 0.003195238 -5.746093673
5 300 0.55 0.002164516 -6.135558439
10 600 0.34 0.001547761 -6.470945783
15 900 0.22 0.0011 -6.812445099
20 1200 0.15 0.000795652 -7.136348435
25 1500 0.12 0.000653571 -7.333058729
30 1800 0.1 0.000554545 -7.497361781
35 2100 0.07 0.000399065 -7.826385193
40 2400 0.06 0.000345283 -7.971146133
45 2700 0.04 0.000234615 -8.357563046
50 3000 0.05 0.000290476 -8.143988946
-9
-8.5
-8
-7.5
-7
-6.5
-6
-5.5
0 500 1000 1500 2000 2500 3000 3500
ln
 [
1
0
]
Seconds
10 + 6 sPhIO + 15 NCArF
Series2
y = -1.15E-03x - 5.77E+00
R² = 9.99E-01
-10
-9.5
-9
-8.5
-8
-7.5
-7
-6.5
-6
-5.5
-5
0 500 1000 1500
ln
 [
1
0
]
Seconds
10 + 6 sPhIO + 15 NCArF
Series2
Linear (Series2)
196 
 
10 + 6 sPhIO + 15 NCArF Sample 2 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [10] (Molar) ln [10]
0 0 0.89 0.002872487 -5.852577153
5 300 0.47 0.00195034 -6.239751493
10 600 0.29 0.001371318 -6.591983082
15 900 0.17 0.000886325 -7.028427099
20 1200 0.13 0.00070177 -7.261904969
25 1500 0.11 0.000604505 -7.411101436
30 1800 0.07 0.000399065 -7.826385193
35 2100 0.05 0.000290476 -8.143988946
40 2400 0.05 0.000290476 -8.143988946
45 2700 0.04 0.000234615 -8.357563046
50 3000 0.03 0.00017767 -8.635583207
55 3300 0.03 0.00017767 -8.635583207
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10 + 6 sPhIO + 15 NCArF Sample 3 [10]0 = 0.0061 M
time (minutes) seconds [10]:[OC] [10] (Molar) ln [10]
0 0 1.02 0.003080198 -5.782761392
5 300 0.48 0.001978378 -6.225477771
10 600 0.29 0.001371318 -6.591983082
15 900 0.18 0.000930508 -6.979779374
20 1200 0.12 0.000653571 -7.333058729
25 1500 0.08 0.000451852 -7.702156193
30 1800 0.07 0.000399065 -7.826385193
35 2100 0.05 0.000290476 -8.143988946
40 2400 0.03 0.00017767 -8.635583207
45 2700 0.03 0.00017767 -8.635583207
50 3000 0.03 0.00017767 -8.635583207
55 3300 0.02 0.000119608 -9.031292141
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10 + 6 sPhIO + 45 NCArF Sample 1 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 0.4388 0.004239644 -5.463275941
3 180 0.7801 0.003426774 -5.67613605
6 360 0.9225 0.003172952 -5.75309293
9 540 1.3031 0.002648604 -5.933722549
12 720 1.6045 0.0023421 -6.056707226
15 900 2.0433 0.002004403 -6.212408961
18 1080 2.35 0.001820896 -6.308426854
21 1260 2.7544 0.00162476 -6.422394993
24 1440 3.2753 0.0014268 -6.552320783
27 1620 3.7312 0.001289313 -6.653645378
30 1800 4.6813 0.001073698 -6.836646588
33 1980 4.933 0.001028148 -6.879996495
36 2160 5.394 0.000954019 -6.954826558
39 2340 6.2612 0.000840082 -7.082011612
42 2520 7.1029 0.000752817 -7.19168853
45 2700 8.7276 0.000627082 -7.374433714
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10 + 6 sPhIO + 45 NCArF Sample 2 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 0.4384 0.004240823 -5.462997893
5 300 0.7616 0.003462761 -5.665688995
10 600 1.2435 0.002718966 -5.907503654
15 900 1.6329 0.002316837 -6.067552408
20 1200 2.0727 0.001985225 -6.222023162
25 1500 2.7746 0.001616065 -6.427760925
30 1800 3.4146 0.001381779 -6.584383738
35 2100 4.0564 0.001206392 -6.720121275
40 2400 4.556 0.001097912 -6.814344933
45 2700 5.3634 0.000958607 -6.950029334
50 3000 6.0667 0.000863203 -7.054860118
55 3300 6.7725 0.000784818 -7.150058371
60 3600 8.1105 0.000669557 -7.308894102
65 3900 8.5421 0.000639272 -7.355180095
70 4200 8.5573 0.000638256 -7.356771768
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10 + 6 sPhIO + 45 NCArF Sample 3 [10]0 = 0.0061 M
time (minutes) seconds [OC]:[10] [10] (Molar) ln [10]
0 0 0.4551 0.004192152 -5.474541135
5 300 0.9524 0.00312436 -5.768525893
10 600 1.2176 0.002750722 -5.895892038
15 900 1.8941 0.002107736 -6.16214069
20 1200 2.445 0.001770682 -6.336390412
25 1500 2.8503 0.001584292 -6.447617575
30 1800 3.7638 0.00128049 -6.660512177
35 2100 4.8054 0.001050746 -6.858255027
40 2400 5.606 0.000923403 -6.987444835
45 2700 6.3051 0.000835033 -7.088039242
50 3000 7.2501 0.000739385 -7.209691829
55 3300 9.5457 0.000578435 -7.455184702
60 3600 9.9381 0.000557684 -7.491718615
65 3900 10.5542 0.000527947 -7.546515515
70 4200 13.4387 0.000422476 -7.76937861
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Kinetics Summary for Oxidation of 10 
 
No equivalents of NCAr
F 
Sample 1:       Rate = 1.53 x 10
-3
, R
2 
= 0.988 
Sample 2:       Rate = 1.78 x 10
-3
, R
2 
= 0.995                    Average: 1.68(±0.13) x 10
-3 
Sample 3:       Rate = 1.74 x 10
-3
, R
2 
= 0.987 
 
 
5 equivalents of NCAr
F 
Sample 1:       Rate = 1.46 x 10
-3
, R
2 
= 0.998 
Sample 2:       Rate = 1.31 x 10
-3
, R
2 
= 0.998                    Average: 1.38(±0.08) x 10
-3
 
Sample 3:       Rate = 1.36 x 10
-3
, R
2 
= 0.996 
 
 
15 equivalents of NCAr
F 
Sample 1:       Rate = 1.15 x 10
-3
, R
2 
= 0.999 
Sample 2:       Rate = 1.20 x 10
-3
, R
2 
= 0.993                    Average: 1.21(±0.06) x 10
-3
 
Sample 3:       Rate = 1.27 x 10
-3
, R
2 
= 0.999 
 
 
45 equivalents of NCAr
F 
Sample 1:       Rate = 7.23 x 10
-4
, R
2 
= 0.994 
Sample 2:       Rate = 6.19 x 10
-4
, R
2 
= 0.996                    Average: 0.65(±0.06) x 10
-3
 
Sample 3:       Rate = 6.19 x 10
-4
, R
2 
= 0.993  
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Calculation of Rates for Oxidation of 10 
 
Postulated elementary steps for the oxidation of 10 with sPhIO: 
 
When the steady-state approximation is applied to Int*, the five-coordinate iridium species 
resulting from dissociation of NCAr
F
, the rate law shown in Eqn 1 can be derived. Because 
excess sPhIO is used, its concentration is relatively constant, and the observed rate constant (kobs) 
can be described in terms of the rate constants of the elementary steps and the concentration of 
sPhIO (Eqn 2).  
 
When the reciprocals of the four kobs values were plotted against their respective 
concentrations of the nitrile ligand, the data points were fitted by linear regression and yielded an 
R
2
 value of 0.988 (chart below). The rate constant for dissociation of nitrile (k1) from 10 was 
estimated to be 1.7 x 10
-3
 s
-1
, and the ratio of k2/k-1 was calculated from the slope of the 
203 
 
regression to be ~ 4.5. The rate of oxidation of Int* is roughly five times faster than trapping 
with NCAr
F
. 
 
  
[NCArF] (Molar) kobs 1 / (kobs)
0.03 0.00138 724.63768
0.089 0.00121 826.44628
0.267 0.000656 1524.3902
0 0.00168 595.2381
y = 3454.9x + 584.28
R² = 0.9883
0
500
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2000
0 0.1 0.2 0.3
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APPENDIX F: SUPPORTING INFORMATION FOR CHAPTER 6 
 
NMR Spectra of New Compounds 
 
  
 
1
H NMR spectrum of 1 in dichloromethane-d2. 
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13
C{
1
H} NMR spectrum of 1 in dichloromethane-d2. 
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1
H NMR spectrum of 2 in dichloromethane-d2 at 10 °C. 
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13
C{
1
H} NMR spectrum of 2 in dichloromethane-d2 at -10 °C. 
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1
H NMR spectrum of 3 in dichloromethane-d2. 
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1
H NMR spectrum of 4 in dichloromethane-d2. 
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13
C{
1
H} NMR spectrum of 4 in dichloromethane-d2. 
211 
 
 
 
 
1
H NMR spectrum of 5 in dichloromethane-d2. 
